Issued as a Part of Progress Report No. 14 of The Investigation of Prestressed Reinforced Concrete for Highway Bridges; Project IHR-10, Illinois Cooperative Highway Research Program by Olesen, S.E. et al.
IU I:tq~~ .. . ... ~ ; -\.:' .' .... ~ . I.' '. ,\ .... ~O 'C~lt 'lNGINEERING STUDIES 
:.o~. ~TRUCTURAL RESEARCH SERIES NO. 295 
PRIVATE COMMUNICATION 
NOT FOR PUBLICATION 
INVESTIGATION OF PRESTRESSED REINFORCED 
CONCRETE FOR HIGHWAY "BRIDGES 
PART IV: STRENGTH IN SHEAR OF BEAMS 
WITH WEB REINFORCEMENT 
Metz Reference Room 
Civil Engineering Department 
Bl06 c. Buildi~g 
Univers of Illinois 
Urbana, inois £1801 
. ----~ 
by 
S. E. OLESEN 
M.A. SOZEN 
C. P. SIESS 
Issued as a Part of Progress Report No. 14 of 
The Investigation of Prestressed Reinforced 
Concrete for Highway Bridges 
Project IHR-l 0 
Illinois Cooperative Highway Research Program 
Conducted by 
THE STRUCTURAL RESEARCH LABORATORY 
DEPARTMENT OF CIVIL ENGINEERING 
ENGINEERING EXPERIMENT STATION 
UNIVERSITY OF ILLINOIS 
in cooperation with 
THE STATE OF ILLINOIS 
DIVISION OF HIGHWAYS 
and 
THE U.S. DEPARTMENT OF COMMERCE 
BUREAU OF PUBLIC ROADS 
UNIVERSITY OF ILLINOIS 
URBANA, ILLINOIS 
August 1965 
PRIVATE COMMUNICATiON 
NOT FOR PUBLICATION 
INVESTIGATION OF PRESTRESSED REINFORCED CONCRETE FOR HIGHWAY BRIDGES 
PART IV: STRENGTH IN SHEAR OF BEAMS WITH WEB REINFORCEMENT 
By 
S. 0. Olesen 
M. A. So zen 
C. P. Siess 
I ssued as a Part of Progress Report No. 14 of 
The Investigation of Prestressed Reinforced 
Concrete for Highway Bridges 
Proj ect I HR- 10 
Illinois Cooperative Highway Research Program 
Conducted by 
THE STRUCTURAL RESEARCH LABORATORY 
DEPARTMENT OF CIVI L ENGINEERING 
ENGINEERING EXPERIMENT STATION 
UNIVERSITY OF ILLINOiS 
in cooperation with 
THE STATE OF ILLINOIS 
DIVISION OF HIGHWAYS 
and 
THE U.S. DEPARTMENT OF COMMERCE 
BUREAU OF PUBLIC ROADS 
UN!VERSITY OF !LL!N01S 
URBANA, ILLINOIS 
August 1965 
TABLE OF CONTENTS 
1. I NTRODUCTI ON. • •. . .•.•.•.•....•.......•..................•... , .••...••... 
1 G 1 Object and Scope ..•...•.•.. G ••• G., G G G" G ••••••• G' ••••••• G. G ••••• G G" 
1.2 Outl ine of Tests. G •••• , ••••••••••••••••••••••• G •••••••••••••••••••• 
1 .3 Not at ion, . , .•....•••.•••• 0 ••••••••••••••••••••••••••••••••••••••••• 
2. MA T ER I A LS, F AB RICA T ION AND T EST I N G .•.• , ...•••.•.•.•..........•.•..•••... , 
2.1 Materials ...•.•.••.•• o ••••••••••••••••••••••••••••••••••••••••••••• 
2.2 Description of Specimens ••...••.•.....•..•..•........•.....••..•... 
2.3 Prestressing •.•.•• o •••••••••••••••••••••••••••••••••••••••••••••••• 
2.4 Placing and Prestressing of Web Reinforcement .............. o ..... .. 
2.5 Casting and Curing ......•.....•.•.•.•...•.••...•............••.•... 
2.6 Strain Gages ..•...••..••..•...•••........•..................•...... 
2.7 Loading Apparatus •.•.• o •••••••••••••••••••••••••••••••••••••••••••• 
2 . 8 Mea sur em e n t s . . . . • . • • • . • • . . . . • . . . , . . . . . . • • . . . . . . . . . . • . . • . . . . • . . . . ..• 
2.9 Test Procedure •..••...••..•••• 0 •••••••••••••••••••••••••••••••••••• 
3. B EHAV! OR ......•...•.....•...••....•.•.....••......•....•..•.•...••••.•... 
3.1 Crack Patterns ........••.......•.••..•.•....•.............•••...... 
3.2 Effects of Crack Pattern on Behavior .•.....•.•......•...•..•....... 
3.3 Influence of Different Variables on the Crack Pattern ..........•... 
3.4 Fai lure Modes ...........•...................................•...... 
4. INCLINED CRACKING LOAD ........•.•.....................•.........•........ 
4.1 Shear Cracks ....................•.................................. 
4.2 Flexure-Shear Cracks ... , ......•.•..................••...•.•.•...... 
4.3 Comparison Between Computed and Measured Inclined Cracking Loads ... 
5. UL Tl MATE LOAD ............................................•............... 
5.1 Web-Distress Failures ...................•...........•.............. 
5 . 2 She a r - Com pre s s i on Fa i lures. . . . . . . . . . . . . . . . • . . . . . . . . . . . . . . . • . . . . . . .. 
5.3 Basic Design Considerations ................•.........•............. 
5.4 A Design Expression ...•.....•...•.•..........•......•....••........ 
5.5 Comparison of Capacities Based on Equation 13 with Test Results •... 
6. A DESIGN FRO~EDURE FOR WEB REINFORCEMENT ......•.....................•.... 
6. 1 Bas i c Des; g n Eq u at i on .•.......•. 0 ••••• 0 •••••••• G ••••••••••••••••••• 
6.2 U1Iimate Shear, V ....•...•.•...••.....•.•.........•........•...... 
6.3 The Shear Ass i gne~ to Concrete, V ....••.•..........•.•.•.••••..... 
c 6.4 The Shear Crack, V •.•.•••...•.•.•.•.•....•...•..•.•••.•.•..•..... 
6.5 The Flexu:-e-Shear EFack, V f ...................................... . 
6.6 Contribution of Web Reinfofcement, rf bd .••.••••.•..••..••.•••..•.• 
6.7 Spacing, Distribution and OrientationYof Web Reinforcement •.•.•••.• 
6.8 Manne r of Load App 1 i cat i on ..•.•.••...•.•••• , .•..•.•..••..••••.•.... 
6.9 Properties of Web Reinforcement .•....••.......•.....•••...••.••.... 
6.10 Prestressed Stirrups ..•.....••.•.•..•.•.••••..•.......•.....•.•.... 
2 
5 
11 
11 
14 
15 
18 
19 
20 
22 
23 
24 
26 
26 
27 
29 
38 
42 
42 
47 
49 
51 
51 
52 
57 
59 
64 
66 
66 
66 
67 
68 
70 
70 
71 
72 
72 
74 
6. 1 1 
6.12 
6.13 
TABLE OF CONTENTS (continued) 
Mini.mum Amount of Web Reinforcement ... ~ ........................... . 
Maximum Amount of Web Reinforcement ............................... . 
Numer i ca 1 Examp 1 e ................................................. . 
74 
76 
76 
7 . SUMMA R Y ............................................. '. . . . . . . . . . . . . . . . . . . .. 82 
8. REFERENCES ............................................................... 86 
FIGURES ••••••••••••••••••••••••••••••••••••• 0 •••••••••••••••••••••••••• 87 
TABLES. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125 
i i 
LI ST OF F! GURES 
Figure No. 
1. Variation of Modulus of Rupture with Concrete Compressive Strength 
2. Variation of Splitting strength with Concrete Compressive Strength 
3. Nominal Dimensions of Test Beams 
4. Nominal Dimensions of Stirrups 
5. Detai 1s of Anchorage for Seven-Wire Strand 
6. Pretensioning Apparatus 
7. Detai ls of Testing Apparatus 
8. Crack Development in Prestressed Beam 
9. Crack Pattern and its Effect on the Distribution of Strain on Top Surface 
of Beam CW.14.37 
10. Relation Between Concrete and Steel 'Strains 
11. Deformation Between Flanges in Beam BW.23.22 
12. Effect of Prestress Level and Web Thickness on Inclined Cracking 
13. Effect of Prestressing Force on Inclined Cracking 
14. Effect of Concrete Strength on Inclined Cracking 
15. Effect of Vertical Prestress on Inc 1 i ned Cracking 
16. Effect of Draping of Longitudinal Rei nforcement on Flexure-Shear Cracking 
17. Effect of aid - Ratio on Flexure-Shear Cracking 
18. Effect of aid - Ratio on Shear Cracking 
19. Inclined Cracking Load as Related to Position of Simulated Moving Load 
20. Effect of Prestress and Cast-in-Place Slab on Shear Cracking 
21. Crack Patterns Showing Effect of the Amount·of Web Reinforcement 
22. Crack Patterns Showing No Effect of the Amount of Web Reinforcement 
23. Crack Patterns and Related Distribution of Deformations Between Flanges for 
Different Amounts of Web Reinforcement 
iii 
LIST OF FIGURES (continued) 
Fi gure No. 
24. Load vs. Deformation Between Flanges for Different Amounts of Web Reinforcement 
25. Ultimate Deformation Between Flanges Measured at Center of Shear Span 
26. Effect of Web R;_inforcement on Distribution of Concrete Strains 
27. Effect of Web Reinforcement on Relation Between Concrete and Steel Strains 
28. Effect of Web Reinforcement on Load-Deflection Curve 
29. Fai lures in Web-Distress, Shear-Compression and Flexure 
30. Effect of Web Reinforcement on Fai lure Mode 
31. I nfluence of Fai lure Mode on Load vs. Deformation Between Flanges 
32. Shear at Flexure-Shear Cracking in Beams Reported in Reference 1. 
33. Shear at Flexure-Shear Cracking in Beams Described in This Report 
34. Idealized Crack Patterns Leading to Web-Distress and Shear-Compression 
Fai lures 
35. Idealized Relationships of Critical Steel and Concrete Strains for Beam 
Fai ling in Shear-Compression 
36. Idealized Relation Between Concrete and Steel Strains 
37. Influence of Web Reinforcement on Load at Yielding of Stirrups and at 
Ultimate 
iv 
LIST OF TABLES 
Table No. 
1. Properties of Beams 
2. Properties of Web Reinforcement 
3. Properties of Concrete Mixes 
4. Properties of Longitudinal Reinforcement 
5. Computed and Measured Values of Inclined Cracking Load 
6. Computed and Measured Capacities 
v 
SYNOPSIS 
This report summarizes the information on shear strength of prestressed 
concrete beams with web reinforcement obtained in the course of an extensive experi-
mental research program carried out during the period 1957 through 1965. 
Chapters 1 and 2 contain an outline of the experimental program and a 
description of testing procedures. 
Chapter 3 describes qualitatively the behavior of prestressed concrete 
beams bringing out the effects of the major variables. 
Chapters 4 and 5 develop methods of analysis, and their experimental 
confirmations, for the shear strength of beams with and without web reinforce-
ment. 
Chapter 6 presents a design method for web reinforcement in prestressed 
concrete beams and discusses related design problems. The information in this 
chapter can be used without a study of Chapters 1 through 5. 
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1. INTRODUCTION 
1.1 Object and Scope 
The experimental study described in this report is a continuation of an 
earlier investigation which was concerned primari 1y with the shear strength of beams 
without web reinforcement (1)*. Since most prestressed concrete beams need web 
reinforcement in order to develop the full flexural capacity, the second phase of 
the investigation was mainly concerned with the effect of web reinforcement on the 
strength and behavior of prestressed concrete beams. 
The primary variables included in the test program were: shape of cross 
section, prestress level, amount of longitudinal reinforcement, length of shear 
span, moving loads, concrete strength, and the amount and properties of the web 
reinforcement. Beams with both straight and draped longitudinal reinforcement were 
tested. 
The majority of the beams were tested and analyzed by G. Hernandez (2) 
and J. G. MacGregor (3,4,5) during the years 1957 through 1960. Hernandez related, 
for the first time, the effect of web reinforcement on the load capacity of a beam 
to its incl ined cracking load. MacGregor examined the effects of draped reinforce-
ment and moving loads. These two basic series of tests also led to a better under-
standing of the mechanism of inclined cracking. 
Most of the composite beams and the beams with unbonded stirrups were 
tested by R. N. Bruce (6). The final series of tests, carried out by S. O. Olesen, 
included beams without prestress designed expressly for the purpose of studying the 
mechanism of the action of web reinforcement. 
~'Numbers In parentheses refer to corresponding entries in the References. 
The results from all beams tested since 1957 in the course of this 
investigation are presented and discussed in this report. The various observed 
patterns of behavior are classified and procedures are developed to predict the 
inclined cracking load and the amount of web. reinforcement requi red to develop a 
flexural failure. 
1.2 Outline of Tests 
2 
This report is based on the results of 129 tests on simply-supported 
prestressed concrete beams. A total of 119 beams had overall cross-sectional 
dimensions of 6 by 12 in. The remaining 10 beams were of composite construction 
consisting of a precast and prestressed section with overall dimensions of 6 by 
12 in. and a nonprestressed cast-in-place slab with two-in. thickness and a width 
of 24 in. All beams were tested over nine-foot ~pans. 
Straight as well as draped longitudinal tension reinforcement was used. 
The drape profi les consisted of straight segments with the tendons deflected under 
the load points. 
Five beams were rectangular in section, 61 were I-beams with 3-in. thick 
webs and 53 were I-beams with 1 3/4-in. thick webs. The composite beams all had 
1 3/4-in. web thickness. 
The properties of all specimens are listed in Tables 1 and 2. The 
ranges of the variables are given below: 
Rectangular Beams 
Shear span: 
Less than 40 in. 5 beams 
3 
Prestress: 
Less than 90 ksi 2 beams 
More than 90 ksi 3 beams 
Draped tendons: beam 
Straight tendons: 4 beams 
Longitudinal reinforcement ratio: 0.398 to 0.713 percent 
Concrete strength: 2500 to 5400 ps i 
Web reinforcement: 
A 
Ratio ( b~ ): 0 to 0.25 percent 
Spacing: 6.5 in. 
Yield Stress: 53.7 ksi 
I-Beams with Three-Inch Thick Webs 
Shear span: 
Less than 40 in. 41 beams 
More than 40 in; 17 beams 
Moving Loads 3 beams 
Prestress: 
L e sst han 90 k s i 2 1 beam s 
More than 90 ksi 40 beams 
Draped tendons 15 beams 
Straight tendons 46 beams 
Lon g i t u din a 1 rei n for c em en t rat i 0: O. 1 92 toO. 6 1 1 per c en t 
Concrete Strength: 2600 to 7200 psi 
Web reinforcement: 
A 
Ratio ( b~ ): 0 to 0.67 percent 
4 
Spacing: 2.0 to 10.5 in. 
Yield Stress: 34.0 to 79.5 ksi 
I-Beams with 1 3/4-lnch Thick Webs 
Shear span: 
Less than 40 in. 46 beams 
More than 40 in. 3 beams 
Movi ng loads 4 beams 
Prestress: 
Less than 90 ksi 4 beams 
More than 90 ksi 49 beams 
Draped tendons 3 beams 
Straight tendons 50 beams 
Longitudinal reinforcement ratio: 0.191 to 0.595 percent 
Concrete St rength: 2500 to 7600 ps i 
Web reinforcement: 
A 
Ratio: (b~): 0 to 0.46percent 
Spacing: 2.5 to 9.0 in. 
Y i e 1 d S t res s : 30 . 0 to 79. 5 k s i 
Composite Beams 
Shear Span: 
36 in. 10 beams 
Prestress: 
More than 90 ksi lOb eams 
Draped tendons 4 beams 
Straight tendons 6 beams 
5 
Longitudinal reinforcement ratio: 0.0467 to 0.0970 percent 
Concrete strength: 2600 to 4200 psi 
Web reinforcement: 
A 
Ratio: ( b~ ): 0.262 to 0.599 percent 
Spacing: 7/8 to 3 1/8 in. 
Yield Stress: 30.0 to 41.2 ksi 
1 .·3 Not at i on 
(a) Designation of Test Specimens 
Although the specimens were originally numbered according to the order of 
testing, they have for easier reference been regrouped and redesignated according 
to the major variables. Each beam is designated by one or two letters and two pairs 
of numerals, e.g., BW.14.58. The code for the first four symbols in the designation 
i s as f 0 1 lows: 
Fi rst Letter (.§.W.14.58) 
A - Rectangular beam 
B - I-beam, 3-in. web 
C - I-beam, 3/4-in. web 
F - Composite beam 
Second Letter (B~. 14.58) 
W - Bonded web reinforcement included 
D - Draped reinforcement 
v - Draped reinforcement and bonded web reinforcement 
- Inclined bonded web reinforcement 
U - Unbonded web reinforcement 
First Numeral (BW.14.58) 
6 
Prestress greater than 90 ksi -
2 - Prestress less than 90 ksi 
Second Numeral (BW. 1~.58) 
o - Beams tested under moving loads 
3 - 28- or 30-in. shear span 
4 - 36-in. shear span 
5 - 45- or 48-in. shear span 
6 - 54- or 60-in. shear span 
8 - 70-in. shear span 
9 - 75- or 78-in. shear span. 
The second pair of numerals (BW.14.58) represents the value the dimension-
less parameter pE If I to two significant figures. Three numerals are used for the 
s c 
composite beams. The beams with 54-in. shear span were loaded at midspan by a 
single load. Beams with a reported shear span shorter than 54 in. were loaded with 
two loads located symmetrically about midspan. Beams with shear spans longer than 54 
in. were loaded with a single load. All beams had a span of nine feet. 
(b) Symbols 
Beam Pro per tie s : 
A gross area of cross section 
c 
A area of longitudinal tensi le reinforcement 
5 
a length of shear span 
b width of flange 
b ' web thickness 
c distance from centroid of precast section to bottom fiber 
c t distance from centroid of composite section to bottom fiber 
7 
d effective depth of the reinforcement 
e eccentricity of prestressing force with' respect to centroid 
of prestressed section 
moment of inertia of prestressed section 
L length of span 
It = moment of inertia of composite section 
Q first moment of area below centroid of composite section 
with respect to centroid of prestressed section. If centroid 
of composite section is in the flange, first moment of area 
below the flange is used. 
Qt first moment of area below centroid of composite section 
(below the flange, if centroid is in the flange) with respect 
to centroid of composite section 
s stirrup spacing 
y distance from centroid of prestressed section to point considered 
(positive towards the tension reinforcement) 
Yt distance from centroid of composite section to point considered 
(positive towards the tension reinforcement) 
a inclination of stirrups with respect to axis of beam 
~ drape angle, angle between axis of beam and resultant prestressing 
force 
Loads: 
F effective prestressing force after losses 
se 
M moment at a section 
M flexural cracking moment 
cr 
8 
Md dead load moment 
M ultimate moment 
.u 
P applied load 
P applied load at inclined cracking 
·c 
V shear at a section 
V calculated inclined cracking shear 
c 
Vcf calculated shear at flexure-shear cracking 
V measured shear at inclined cracking 
cm 
V calculated shear at shear cracking 
cs 
Vo dead load shear 
Vf calculated shear at flexural fai lure 
V measured shear at fai lure 
urn 
V calculated shear at shear fai lure 
us 
w dead weight of precast section 
w dead weight of composite section 
t 
Stresses: 
Genera 1 
Ue principal ten s i 1 e st ress (t en s i on positive) 
c nOrlinal stress parallel to ax is of beam 
x 
G nominal stress perpendicular to axis of beam y 
T shearing stress 
Concrete 
f' compressive strength of concrete determined from 
c 
6-by 12-in. cylinders 
f average concrete stress in compression zone at fai lure 
cu 
f tensi le strength of concrete determined as the modulus of 
r 
rupture 
f t tensi le strength of concrete determined as the splitting 
strength of 6-by l2-in. cylinders 
Steel 
E = modulus of elasticity of steel 
s 
f effective longitudinal prestress after losses 
se 
f effective prestress in stirrups 
sev 
f stress in longitudinal reinforcement at fai lure of beam 
su 
fl ultimate steel stress 
s 
Strains: 
Concrete 
€cc = concrete strain at top of beam at inclined cracking 
Ece concrete strain at level of longitudinal reinforcement 
caused by effective prestress 
E limiting strain at which concrete crushes in a beam 
u 
Stee 1 
E steel strain at inc 1 i ned cracking sc 
E steel strain corresponding to effective prestress se 
Esu steel strain at ultimate 
Dimensionless Factors: 
aid ratio of shear span to effective depth of beam 
Fl strain compatibi lity factor before inclined cracking 
F2 strain compatibi lity factor after inclined cracking 
9 
10 
k ratio of depth of neutral axis at· inclined cracking to 
c 
effective depth 
k ratio of depth of neutral axis at ultimate to effective depth 
u 
k2 ratio of depth of the resultant compressive force to depth 
p 
r 
of neutral axis 
A /bd = longitudinal reinforcement ratio 
s 
= web reinforcement ratio based on width of precast flange 
2,1 Materials 
(a) Cement 
2. MATERIALS, FABRICATION, AND TESTING 
11 
Marquette brand Type III Port land cement or At las brand Type III Port land 
cement was used for all the specimens. The cement was purchased from local dealers 
in lots of 20 or 40 bags. 
(b) Aggregates 
Wabash River sand and pea gravel were used in all the beams. Both 
aggregates have been used in this laboratory for many previous investigations and 
have passed the usual specification tests. The maximum size of the gravel was 3/8 
in. 
The origin of these aggregates is an outwash of the Wisconsin glaciation. 
The major constituents of the gravel were limestone and dolomite. The sand con-
sisted mainly of quartz. The absorption of both the fine and the coarse aggregate 
was about one percent by weight of surface dry aggregate. 
(c) Concrete Mixes 
Mixes were designed by the trial batch method. Two batches were used in 
each beam, batch one being in the lower half to two-thirds of the beam. The slabs 
of the composite beams were usually cast from one batch each although two batches 
were used in a few cases. Table 3 lists the proportions of the concrete batches 
used in each beam along with the slump, compressive strength, tensi le strength 
determined as modulus of rupture and/or splitting strength and age at the time of 
beam test. Proportions are in terms of oven-dry weights. 
In Figs. 1 and 2, the modulus of rupture and the splitting strength are 
compared to the compressive strength of the concrete. The modulus of rupture was 
12 
obtained from control beams with 6- by 6-in. cross sections. The beams were loaded 
at the third-points of an 18-in. span. The splitting strength was found from tests 
on 6- by 6-in. or 6- by l2-in. cylinders. A compressive force was applied along 
t 
opposite generators of the cylinder. Strips of stiff fiber board with l/8-in. thick-
ness and l/2-in. width were placed between the cylinder and the heads of the testing 
machine to distribute the load evenly along the length of the specimen. 
Since a measure of the tensi le strength of the concrete in each beam was 
necessary for the interpretation of the test results, and since the scatter in the 
data did not warrant use of the results of individual control specimens, two 
expressions were selected to represent the accumulated data: 
For the modulus of rupture: 
f 
r 
6 J"T' 
c 
For the tensi le strength determined from the splitting test: 
f 
t 
5 J"f' t 
The strength values are all in pounds per square inch. 
(d) Longitudinal Reinforcement 
( 1 ) 
(2) 
Single wire reinforcement and seven-wire strand were used. The properties 
of each lot are given in Table 4. The single wire reinforcement had properties in 
accordance with the requirements of ASTM-A-421-59T. The wire contained in lots 8, 
10, 11, 12, and 13 was designated as "Hard-Drawn Stress-Relieved Super-Tens Wire" 
whi le the wire in lot 14 was classified as "0.l96-in. Tufwire.'l The seven-wire 
strand conformed with the specifications in ASTM-A-416-59T. 
The stress-strain relationships for the different lots were determined 
from tests of samples cut from different portions of each coi 1. All samples were 
13 
tested in a l20,000-lb. capacity Baldwin-Southwark-Tate-Emery hydraulic testing machine. 
The strains were measured with an eight-in. extensometer employing a Baldwin Ilmicro-
former ll coi 1 and recorded wi th an automat i c devi ceo 
i" 
To improve the bond characteristics, both the single wire and the seven-
wire strand were first wiped with a rag dipped in a weak solution of hydrocloric 
acid and then rusted by storing in a moist room for several days. 
(e) Web Reinforcement 
The stirrups in most of the beams with web reinforcement were ma~e from 
black annealed wi re of different nominal diameters. In the remaining beams, the 
stirrups were made from O. l29-in. square cold-finished bars of AISI C-1018 steel. 
All stirrup steel was rusted and samples were tested in the same manner as described 
for the prestressing steel. The properties of the stirrup steel used in each 
particular beam are listed in Table 2. 
In the analysis of the test results, the yield point stress for the stirrup 
steel has been defined as the stress corresponding to one percent strain. The 
actual strain distribution in the stirrups was not measured. However, measurements 
of crack openings and in some cases measurements of the average strain along a 
stirrup indi cated that the maximum strain in a stirrup at ultimate usually was one 
percent or more. 
( f) S 1 a b Rei n for c em e n t 
The slab reinforcement in beams FW. 14.064 and FW. 14.070 consisted of inter-
mediate grade No.3 deformed bars with a stress at one percent of 65.0 ksi. The 
remaining eight composite beams had slab reinforcement of high strength 1/4-in. 
diameter plain bars with a stress at 0.2 percent offset of 70.1 ksi and ultimate 
stress of 71.0 ksi. 
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2.2 Description of Specimens 
All the beams were modifications of a basic member 6 by 12 in. in cross 
section and 10 ft 2 in. to 10 ft 10 in. in overall length. The I-beams were formed 
by metal inserts placed in rectangular forms. Rectangular end blocks 12 to 18 in. 
in length were provided at each end of the beams. Ten of the beams had slabs, with 
nominal cross sectional dimensions of 2 by 24 in., cast on top of them. The nominal 
dimensions of the beams are shown in Fig. 3 and the measured dimenslons are listed 
in Table 1. 
The longitudinal reinforcement consisted of four to twelve single wires or 
four to eight seven-wire strands, pretensioned, and anchored by bond. The tendons 
were placed in one, two, or three horizontal layers. The single wires were spaced 
at 0.70 in. center to center in the horizontal direction and 0.75 in. in the vertical 
direction. The vertical and horizontal spacing between seven-wire strands was one 
inch. 
In the beams with draped tendons, the reinforcement profi les consisted 
entirely of straight line segments, the tendons being draped from the load points 
in every case. The tendons were either a11 draped para1 leI to one another or some 
of the tendons were draped and the rest were straight. The vertical and horizontal 
spacing of the tendons was the same as in beams with straight reinforcement. The 
amount of reinforcement, which was draped, is given in Table 1 in proportion of the 
total amount of longitudinal steel together with the drape angle~. This angle is 
given as the angle between the axis of the beam and the resultant prestressing 
force. 
Stirrups having one, two, or three legs were used in al I beams which had 
web reinforcement. The nominal dimensions of these stirrups are given in Fig. 4. 
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The amount of stirrups and their spacing as well as the properties of the stirrup 
steel are summarized in Table 2. In the majority of the be"ams, a uniform stirrup 
spacing was used throughout the length of the beam. In seven beams, however, the 
spacing was varied along the length of the beam. The web reinforcement ratios for 
these beams reported in Table 2 are those at midspan or adjacent to the load point. 
2.3 Prestressing 
(a) End Detai ls of Tendons 
Threaded connections were used to grip the single wire in the tensioning 
process unti 1 transfer. Threads were cut on the end-3 in. of the wires to fit a 
specially made nut with a No. i2 thread. The nuts were 5/8 in. long. This was 
sufficient to develop at least 160,000 psi in the wires for several days. 
I n beams using seven-wire strand as reinforcement, the anchorage prior 
to transfer was provided by 1/4-in. steelcase Strandvise grips (Fig. 5). 
(b) Tensioning Apparatus 
The reaction for the tensioning force was provided by a prestressing 
frame. ! t was made from two ll-ft 6-in. lengths of standard 3-in. pipe, and two 
bearing plates, 2 by 6 by 20 in. For beams with draped reinforcement, the bearing 
plates were 2 by 10' by 20 in. The frame was bui 1t to fit around the form for the 
beam. The bearing plates were provided with holes to accommodate the spacing be-
tween ten~ons, described in Section 2.2. 
A 30-ton Simplex center-hole hydraulic ram- operated by a Blackhawk 
pump was used to tension all tendons. The prestressing force was transferred 
from the ram through a rod to the tendon and through a jacking frame to the pre-
stressing frame as shown in Fig. 6. The rod was threaded directly on to the 
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threads in the end of the single wire. Connection between the rod and a seven-
wire strand was provided by a special device which gripped the strand and on to which 
the rod could be threaded. 
The tendons which were to be draped were tensioned in their uppermost 
position and then pul led down to thei r final position by two draping saddles, one 
at each load point. The draping saddles consisted of two long threaded 3/8-in. 
diameter rods with two 2 1/2-in. lengths of l/2-in. diameter rod welded across them 
at one end. The lower ends of the threaded rods passed through holes in the bottom 
of the form and the saddles were held in position by nuts bearing on the bottom of 
the form. 
The form rested on a stiffening beam bui lt up from plates and two 15-in. 
channels. This beam prevented the form from warping when the tendons were draped. 
In beams with a small drape angle it was possible to do all the draping 
by screwing nuts onto the threaded rods of the saddles. Where this was not possible, 
a hydraulic ram was used to pull down the saddles. 
(c) Tensioning Procedure 
The reinforcement was tensioned in the prestressing frame prior to casting 
the beam. The tendons were stressed one at a time and anchored as described in 
Section 2.3a. Since the prestressing frame underwent an elastic shortening with the 
tensioning of the tendons, the first tendons to be stressed were overstressed a 
certain amount, dictated by the experience with previous beams. Minor adjustments 
in the prestress were usually necessary after tensioning of all the tendons. 
In beams with draped reinforcement, the tendons were stressed in their 
uppermost position. The initial prestress in the tendons was chosen so that the 
additional increment added by draping brought the total prestress up to the desired 
level. After initial tensioning the prestressing frame with the tendons was 
transported to the form and the tendons to be draped were pulled down to their 
final position by welded steel saddles at each load point. 
"r 
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The prestress was transferred to the beam, when the concrete in the beam 
was strong enough. The transfer in beams with single wire reinforcement was ac-
complished by loosening the nuts slowly so that the tension in each of the wires 
was approximately equal at all times. In beams with seven-wire strand reinforcement, 
the transfer was effectuated by burning through the strands with an oxy-acetylene 
torch. The torch was adjusted to a low heat, and the strands heated as uniformly 
as possible over a length of eight to ten inches between the prestressing frame and 
the end of the beam. With increase in temperature, the strand elongates and its 
yield point decreases. If the operation is performed correctly, the strands break 
gently with marked ductility and necking at the failure point. In the beams with 
draped reinforcement, the longitudinal prestress was released first so that the 
beam would be prestressed before the vertical reaction of the draping saddles was 
transferred to the beams. 
(d) Measurement of Prestress 
The tensioning force in each tendon was determined by measuring the com-
pressive st~ajn in small aluminum dynamometers placed on the tendons between the end 
plate of the prestressing frame and the anchorage nut or the Strandvise grip. The 
dynamometers were placed at the end of the beam opposite that to which the tension 
was applied. They were made of 2-in. lengths aluminum rods with holes dri 11ed 
through their centers. The diameter of the rods was 1/2 in. or 5/8 in. and the 
holes were 0.2 in. and 0.275 in. for dynamometers used in connection with single 
wi res and seven-wire strands, respectively. Strains were measured by means of 
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type A7 SR-4 electric strain gages, attached to the outside of each dynamometer. 
The dynamometers used with single wires had two strain gages··mounted longitudinally 
on opposite sides. The gages were wired in series, thus gi!ing a strain reading 
which was the average of the strains in the two gages. Four strai'n gages were used 
on the second type of dynamometers. Two of these gages were mounted longitudinally 
and two circumferentially on opposite ends of tw6 diameters, the diameters being at 
right angles. All four gages were wired to form a four-arm bridge, so that the 
measured strain, for a given load, was the sum of the various gage outputs. Both 
gage configurations cancel the effect of a reasonable amount of nonaxial loading. 
The four-arm bridge, in addition, compensates for temperature changes. 
All the dynamometers were calibrated using a Baldwin hydraulic testing 
machine. The calibration constants for each of the two groups of dynamometers were 
nearly the same. The strain output from the dynamometers was about 2000 and 4300 
mi 1 1ionths at a prestress of 120 ksi in the single wires and the seven-wire strands, 
res p e c t i vel y . The sen sit i v i t y 0 f the s t r a i n i n d i cat 0 r use d was two 0 r t h r e e mil 1 ion t h s . 
2.4 Placing and Prestressing of Web Reinforcement 
Most of the beams had bonded, vertical stirrups. These were tied to the 
longitudinal reinforcement using baling wire, In addition, a reinforcing bar was 
tied to the top of the stirrups to ke~p them vertical and at the proper spacing, 
After the fi rst batch of concrete had been placed and vibrated, this bar was removed. 
In the beams with unbonded stirrups, vertical holes on 4-in. centers were 
formed in the beam by 0.27S-in. diameter dri 11 rods which were properly positioned 
by means of a steel template prior to casting. About 12 hours after casting, the tem-
plate and dri 11 rods were removed, leaving the holes into which the 1/4-in. stirrups 
were later placed. 
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The unbonded stirrups were anchored in both ends by visegrips. The 
stirrups were prestressed by means of a bolt and nut placed,between the visegrip 
and the top surface of the beam. The bolt had a O.275-in, diameter hole dri 1 led 
through its centerline, which permitted the stirrup to pass through the bolt. By 
turning the nut, a prestress could be applied to the stirrup. The prestressing 
force was measured at the. bottom end of the stirrup by a dynamometer of the four-
arm type previously described. Steel bearing plates 1/4 by 2 by 1 in. were placed 
between the bottom surface of the beam and the dynamometer and between the top sur-
face and the bolt and nut. 
2.5 Casting and Curing 
A 11 concrete was mixed in a nonti 1ting drum-type mixer of six cu. ft 
capacity. A butter mix of one cu. ft preceded two batches of about four cu. ft each, 
which were used in the specimens. The mixing time for each batch was from three 
to six minutes. Before batching, samples of the aggregates were taken for free 
moisture tests. Slump was determined immediately after mixing. 
Metal forms were used to cast all the beams, although wooden forms were 
used to cast the slab of the composite beams. Removab1e metal inserts were used to 
shape the I-beams. 
Two batches of concrete were required in each beam. The farst batch was 
placed in a layer of uniform height through the beam, fi 1 ling half to three-quarters 
of the depth. At least three and usually six 6- by 12-in. cylinders were cast from 
each batch to determine the compressive strength of the concrete. In addition, one 
6- by 6- by 20-in. modulus of rupture beam and/or an additional number of 6- by 
l2-in. or 6- by6-in. cylinders were cast for determination of the splitting strength. 
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The freshly cast concrete in the test beam as well as in the control 
beams and cylinders was v~brated with a high frequency internal vibrator. The tops 
of the test beam and control beams were troweled smooth and the cylinders were 
capped with a paste of neat cement four or five hours after casting. The forms were 
removed after one day and the beam and control specimens were wrapped in wet burlap 
for several days. The burlap was removed two to three days before testing to allow 
the concrete surface to dry before electric strain gages were applied. 
The beams which were to have a slab cast on top were manufactured in the 
same way as indicated above, except for the following difference. Three hours after 
casting the beam, Rugaso1-C was applied on the top surface of the beam and on the 
protruding ends of the sti rrups. This retarded the set of the cement paste for a 
depth of 1/8 to 1/4 in. and permitted the loose paste to be removed after about 16 
hours, thus exposing the aggregate and providing shear connection between the beam and 
the slab. 
After the prestress was transferred to the concrete, the beam was supported 
at two points, the span being the •. same as during the test, and a wooden form was 
bui lt around and supported on the beam. The slab reinforcement was placed at mid-
height of the slab with six-in. spacing in both directions~ The top surface of the 
beam was wetted before casting the slab. Usually one batch was used for the entire 
slab. In the few slabs where two batches were used, the second batch was placed 
outside the supports. 
2.6 Strain Gages 
(a) Electric Strain Gages on Reinforcement 
Two tendons in each beam were instrumented with electric strain gages 
placed at a section of maximum moment. In beams subjected to moving loads, the gages 
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were placed at midspan. The gages used on single wi re reinforcement were Type A7 
SR-4 electric strain gages with a nomfnal gage length of 1/4 in. and a minimum trim 
width of 3/16 in. The seven-wire strands were instrumented with Type A12-2 SR-4 
or C6-1 11 Budd electric strain gages. The former consisted of a sing1e wi re grid, 
approximately 1 5/8 in. long, which could be trimmed to less than 1/8 in. in width. 
The latter had a nominal gage length of 1/16 in. and a width of 1/16 in. Gages on 
the seven-wire strands were mounted along a single outside wire. 
The surface of the tendons was prepared for gage application by using fine 
emery cloth and acetone. The gages were mounted using Eastman 910 or Duco cement as 
the bonding agent. Heat lamps were used to accelerate the drying of the Duco cement. 
After several hours of ai r drying, and after the lead wires were soldered to the gages 
and insulated with tape, the gages were waterproofed with a coating of Petrolastic 
or Epoxoid. 
(b) Electric Strain Gages on Concrete 
In most of the beams, strains on the top surface of the concrete were 
measured with Type A3 SR-4 electric strain gages which have a nominal gage length 
of 3/4 in. and a width of 3/8 in. A portable grinder was used to smooth the top 
surface of the beam at the des'ired locations. A thin layer of Duco cement was 
applied to the concrete surface and allowed to dry for severa1 minutes. Then the 
gage was mounted with Duco cement. Steel weights of one pound were left on the gages 
for a period of one hour with a sponge rubber cushion under each weight. The gages 
were placed along the longitudinal center1 ine of the beam except for those placed 
immediately around the load points. Wherever strain distributions are presented in 
the text, the location of the gages is indicated. 
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(c) Mechanical Strain Gages 
In the two series of beams with 3D-in. and 45-in.' shear spans, the vertical 
deformation between the flanges was measured at sections with two-in. spacing. This 
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was done to obtain an estimate of the strain in the stirrups. The deformation was 
measured by means of a ten-in. Whittemore strain gage. Gage lines were established 
by mounting l/2-in. by 1/2-in. steel plates to the sides of the specimens. Each 
plate had a gage hole dri lled to a depth of about 1/8 in. A typical layout of the 
gage lines is shown in Fig. 21. 
2.7 Loading Apparatus 
All the specimens tested under stationary loads were loaded in specially 
constructed frames employing a 3D-ton capacity Simplex hydraulic jack operated by a 
Blackhawk pump. Detai ls of one of the two frames-used are shown in Fig. 7. The 
distributing beams was omitted for specimens subjected to a single concentrated load. 
The loading blocks were in most cases 8- by 6- by 2-in. steel plates resting on 4- by 
4- by l/4-in. leather plates. In the remaining cases, 3- by 3- by l-in. steel plates 
were mounted to the beam with hydrocal plaster. The bearing blocks at the reactions 
were always 8-by 6- by 2-in. steel plates. The block at one end was supported on a 
Ilhalf-round " and that at the other end on a roller. 
The frame shown in Fig. 7 was also used in tests of beams subjected to 
simulated moving loads. Loads were applied by 2D-ton Blackhawk rams held below the 
longitudinal beam in the testi.ng frame by a supporting device. This device was 
composed of a 6-in. by 3/l6-in. plate 7 ft 5 in. long which was held 7/8 in. below 
the bottom of the longitudinal beam by 7/8-in. square bars running across the plate 
at 8 in. on centers. Slots into which the rams fitted, were cut in the plate at 
8-in. centers. The ends of the slots were circular to position the rams accurately. 
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The hydrau1 ic rams had 6 by 6 by 3/4 in. shoes which fitted loosely into the space 
between the supporting plate and the longitudinal beam in the test frame. In this way 
the rams could be placed accurately in eleven successive positions, each 8 in. apart. 
The center load position was at midspan. Thus, the "moving load" consisted of a 
series of concentrated loads applied one after the other at positions 8 in. apart 
along the beam. Two hydraulic rams were used, each operated by a separate pump. 
2.8 Measurements 
The load was measured by means of a SO,OOO-lb. elastic-ring dynamometer or, 
in the case of moving loads or a single concentrated load, by means of a specially 
designed load cell. The eiastic-ring dynamometer was equipped with a O.OOOl-in. 
dial indicator and had a sensitivity of 110.8 lb. per division. The load cells 
consisted of cold-drawn seamless steel tubes machined to a wall thickness of 0.10 
in. in the zone where measurements were made. Each load cell had eight type A7 
SR-4 electric strain gages mounted at midheight and wired to form a four-arm bridge 
with a strain magnification factor of about 2.6. This gave the load cella sensi-
tivityof 134 1b. per dial division on the strain indicator. 
Deflections were measured at midspan, and usually also at the third points, 
with a.OOl-in. dial indicators. 
Strains in the longitudinal reinforcement and on the top surface of the 
beam were measured by electric strain gages. 
!n some of the beams, vertical deformations between the flanges were 
measured with a ten-in. mechanical Whittemore gage. 
The cracks were marked on the sides of the beams after each increment of 
load and the number of the increments at which the crack was observed was marked on 
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the beam beside the pertinent crack. Photographs were taken at different stages of 
the test to be kept as a permanent record of the development of the crack pattern. 
After completio~ of each test, the width of the flange, the depth of the 
beam and the reinforcement, and the thickness of the web were measured at the section 
of fai lure. 
2.9 Test Procedure 
(a) Beams Tested With Stationary Loads 
The fai lure load was usually reached in about ten increments. Load and 
deflection readings were taken at frequent intervals during the application of each 
increment of load. After a load increment, aii defiection, load, and strain measure-
ments were taken and the cracks were marked. Load and midspan deflection were 
measured again immediately before the resumption o.f loading. The flexural cracking 
load was reached in two or three increments. After flexural cracking, the magnitude 
of the load increments depended on the development of the crack pattern. The beams 
were loaded unti 1 complete fai lure. Each test took four to eight hours. Control 
specimens were tested immediately after the beam test. 
(b) Beams Tested Wi th Mov! ng Loads 
Beams under moving loads were tested in two stages. In the first stage, 
the beam was loaded with a concentrated load at midsp~n unti 1 flexural cracking 
developed or unti 1 some predetermined load level was reached. Usually, this took 
three load increments. The second stage of loading consisted of a number of increments 
of "moving load." In this stage, one "load increment
" 
consisted of applying the same 
load successively at each of the eleven loading positions along the beam. Two rams 
were used so that, when the load was transferred from one position to the next, the 
load could be decreased gradually in the first ram as it was increased in the second. 
25 
The total load acting on the beam during a transfer rarely fell below 70 percent of 
the nominal "moving l,oad ll for that increment. 
At each loading position, a complete set of readings was taken and the 
cracks were marked. One load increment consisting of eleven separate loadings and 
sets of readings took approximately two and a half hours to complete. Beams without 
web reinforcement were tested in one day, but the beams with web reinforcement were 
tested over a two-day period, since up to twenty hours were required for such a test. 
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3. BEHAVIOR 
3.1 Crack Patterns 
The macrocracks observed in prestressed concrete beams may be arbitrari 1y 
divided into three categories according to the dominant influences on their formation: 
flexure cracks, shear cracks, and flexure-shear cracks. 
When a beam is loaded, the first cracks to be observed are usually short 
flexure cracks perpendicular to the beam axis at or close to the maximum moment 
region (Fig. 8a). An increase in load wi 1 1 increase the number and extent of these 
flexure cracks (Fig. 8b). 
As the load is increased further, cracks may appear in a direction inclined 
to the longitudinal axis of the beam. These inclined cracks may develop in two 
different ways as follows. 
! n some cases a crack forms in the web close to the centroid of the beam 
while the tension zone in the vicinity of this section is sti 1 1 uncracked. Since 
this inclined crack develops with shear as the dominant cause, it wil 1 be called 
a shear crack (Fig. 8c). 
In other cases a flexure crack is formed first and the inclined crack may 
then develop rather suddenly on top of the flexure crack or more gradually as the 
propagation of the flexure crack forms a smaller and smaller angle with the beam 
axis. Since this type of crack develops in conjunction with a flexure crack and is 
affected by both the moment and the shear at the section, it wi II be referred to as 
a flexure-shear crack (Fig. 8d). 
Because of the nature of a shear crack, the development of such a crack is 
easi 1y detected. The same is not always true for a fiexure-shear crack. Here it 
often becomes a matter of definition when a flexure crack is "inclined enough" to 
be characterized as an inclined crack or rather when the behavior of the beam 
changes as a result of inclined cracking. 
3.2 Effects of Crack Pattern on Behavior 
27 
The effect of cracking on the behavior of a prestressed concrete beam can 
be illustrated in terms of 
(a) distribution along the axis of the strains in the top of the 
compression zone, 
(b) relation between strains in the reinforcement and strains in the 
concrete, 
(c) change in the distance between the flanges, 
(d) load-deflection curve. 
Figure 9 shows the strains in the top fiber of the concrete in a simply 
supported beam. The strains at different sections are plotted along the span for 
three values of the load on the beam. Strains were measured electrically over a 
series of 3/4-in. gage lengths. For small loads the strains were distributed as 
the moment. As the load was increased, the strains tended to concentrate at or close 
to the top of an inclined crack. 
The same trend can be observed in Fig. 10 where the strain in the top fiber 
of the concrete at different points along the axis is plotted against the strain in 
the longitudinal reinforcement at midspan. Before flexural cracking, the ratio 
between concrete strain and steel strain is rather high corresponding to a large 
depth to the neutral axis. After flexural cracking, this depth is decreased and the 
steel strain increases faster. One further drastic change may occur when the inclined 
crack develops. The concrete strain at the top of the inclined crack increases faster 
than the steel strain (curves A and C) whi le the concrete strain at points in the 
28 
shear span away from the top of the inclined crack may start decreasing (curve D). 
Strains at midspan (curveS) are unaffected by the inclined crack. 
A very useful way to present the response of a beam to load is a plot of 
the relationship between the load and the change in vertical distance between top and 
bottom flanges of the beam. Of interest is also the distribution along the span of 
this change in distance. Curves of this type are shown in Fig. 11. The distance 
change was negligible unti 1 cracking took place in the shear span. From then on 
not only the distance but also the rate of change was increasing. 
It is important to note that the change in distance which is necessary to 
obtain fai lure is quite large. In fact, if this change is assumed uniformly dis-
tributed over the ten-in. gage length which is also approximately the total height of 
the stirrup, the corresponding strain is much larger than the yield strain for the 
stirrup steel. Furthermore, this large strain is developed over a large part of the 
shear span. 
Load-deflection curves need little introduction. Such curves illustrate 
the features in which the designer is most interested - the load capacity and the 
ductility. 
I t may be pertinent at this stage to point out that all these means of 
registering the behavior of the beam are subject to limitations. For example, 
concrete strains are not easy to measure and in regions with high strain gradients 
it is certainly unrealistic to be-looking for l1true 11 values of strain. However, 
all the measurements can give certain qualitative information. The aim of this 
chapter is therefore to report trends rather than speci fi c numbers. I n Chapters 4 
and 5, these trends wi 1 1 be used to develop analytical procedures. 
3.3 Influence of Different Variables on the Crack Pattern 
(a) Effect of Prestress and Amount of Reinforcement 
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Figures 12 and 13 show load-deflection curves fgr eleven beams. The three 
beams in Fig. 12a were simi lar except for the variation of prestress from 34 to 
131 ksi. As the prestress level is increased, both the flexural and inclined crack-
ing loads increase. The ultimate loads also increase but it is worth noting that 
the load carried beyond inclined cracking becomes smaller as the prestress level is 
raised. The same is true for the I-beams (Fig. l2b). The increase in prestress 
results in a substantial increase in the inclined cracking load. However, for the 
beams with high prestress, the formation of the inclined crack leads to an immediate 
fa i 1 u r e w h i 1 e the u I tim ate load for the beam s wit h no pre s t res sis ab 0 u t t w ice the 
inclined cracking load. This suggests that the fai lure mechanisms are different. 
A simi lar increase in the incl ined cracking load can be observed in Fig. 
l3a which contains load-deflection curves for two beams with the same prestress but 
with different amounts of longitudinal reinforcement. 
Figure 13b shows the effect of an increase in reinforcement ratio combined 
with a decrease in prestress to give the same total prestressing force. The inclined 
cracking loads are almost equal, demonstrating that the effect on inclined cracking 
of both the prestress level and the reinforcement ratio can be expressed in terms of 
the total prestressing force. 
(b) Effect of Shape of Section 
Figure 12b also shows the effect of web thickness. The inclined cracking 
load appears to be independent of the web thickness as long as the prestress level is 
low, whi Ie an increase in web thickness at a high prestress level seems to delay 
inclined cracking. 
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It was observed that the beams with no prestress developed flexure-shear 
cracks whi le beam C. 12.50 developed a shear crack. In beam'B.12.50, the thicker 
web apparently increased the load corresponding to the formation of a shear crack. 
Before this load could be reached a flexure-shear crack had formed. From this it 
may be hypothesized that the web thickness has an effect only on shear cracking. 
(c) Effect of Concrete Strength 
Figure 14 shows load-deflection curves for four beams. Reinforcement ratio, 
web thickness, and loading arrangement were almost identical for these beams but con-
crete strength and prestress level were different, Although the change in concrete 
strength was somewhat larger for the beams without prestress, it is apparent from 
Fig. 14 that the relative increase in the inclined cracking load compared with the 
increase in concrete strength is much smaller for beams with prestress than for the 
beams without prestress. 
This is not surprising in view of the way in which the inclined crack 
develops. In the case of a shear crack, the inclined cracking load should be 
related to the principal tensi le stresses in the web. The contribution from the 
prestress to the principal tensi le stress at the centroid is usually opposed to the 
contribution from the shear force: hence, the prestress may be thought of as an 
increase In the concrete strength, The flexure-shear crack is expected to be re-
lated to a combination of flexural cracking and principal tensi le stresses. There-
fore, the effect of the prestress should be the same as an increase in the concrete 
strength in this case too. This explains the trends with respect to inclined 
cracking observed in Figs. 12-14, 
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(d) Effect of Draped Reinforcement and Vertical Prestress 
I n this connection it is of interest to observe the behavior of a series 
of beams with vertical, unbonded, and prestressed stirrup~. The load-deflection 
curves for four beams with vertical prestress are shown in Fig. 15. The only 
variable in this set of beams was the level of prestress in the stirrups. The 
vertical prestress increased the load at shear cracking. This should be expected 
since the effect of the vertical prestress on the principal tensi le stress is almost 
the same as the effect of a horizontal prestress. However, the flexural cracking is 
unaffected by the vertical prestress and since a flexure-shear crack apparently is 
related closely to flexural cracking, a vertical prestress should have only a small 
effect on flexure-shear cracking. Consequently, it was possible to increase the 
vertical prestress to a level at which a flexure-shear crack formed prior to a 
shear crack. A further increase in the stirrup prestress had only a small effect 
on the incl ined cracking load. 
Simi lar considerations can be used in interpreting the results from a 
series of beams with draped longitudinal reinforcement. Load-deflection curves for 
two of these beams and a simi lar beam with straight reinforcement are shown in Fig. 
16. All three beams developed flexure-shear cracks. The load at inclined cracking 
appears to be decreasing with an increas~ in drape angle. This may be explained by 
the fact that the flexural cracking moment is reduced because of the draping of the 
reinforcement at the section where the inclined crack initiates (as a flexure crack). 
I n a few beams with draped reinforcement, the inclined crack developed as 
a shear crack. Oi rectly comparable beams were not tested but it appears that the 
shear cracking load increases with an increase in the angle of drape. Since the drap-
ing of the reinforcement introduces a ver.tical component of prestress, this result 
agrees with the result from the beams with prestressed stirrups. 
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(e) Effect of Length of Shear Span 
If the flexure-shear cracking load is affected by flexural cracking as it 
was concluded in the preceding discussion it should be expected that the length of 
the shear span compared to the depth of the beam is an important factor in evaluating 
the flexure-shear cracking load. That this is correct is demonstrated in Fig. 17 
where load-deflection curves for three comparable beams are shown. The three beams 
had shear spans varying in length from 24 in. to 54 in. and all the beams developed 
flexure-shear cracks. The reduction in the inclined cracking load is marked. 
Load-deflection curves for two beams developing shear cracks are shown in 
Fig. 18. Although the change in length of the shear span is only 25 percent, Fig. 
18 indicates that the length of the shear span has little if any bearing on the shear 
cracking load. Considering that the shear crack-seems to be governed by the princi-
pal tensi le stress in the web where bending stresses are smal l~ this result is 
reasonable. 
An interesting demonstration of the effect of shear-span length on in-
clined cracking is provided by the test results from a beam subjected to a moving 
load. The inclined cracking loads for various positions of the moving load are 
plotted in Fig. 19. The trend of the plotted data shows the reduction in inclined 
cracking load with increasing distance from the nearer reaction. 
"(f) Effect of Cast-in-Place Slab 
Figure 20 shows load-deflection curves for six simply-supported beams. 
Three of these beams had cast-in-place slabs whi le the other three did not. The 
prestressing force was varied by changing the longitudinal reinforcement ratio. In 
all six beams inclined cracking developed as shear cracks. For the I-beams the in-
clined cracking was increased with increase in the prestressing force. For the 
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composite beams this effect seems to be somewhat smaller. Furthermore the inclined 
cracking load appears to be consistently smaller for the composite beam than for the 
I-beam, which may be explained as follows: 
For beams without web reinforcement the propagation of a shear crack is 
very rapid. If a reasonably large amount of web reinforcement is provided, it is 
often possible to delay the crack propagation so much that an idea about the point 
of initiation can be obtained. This revealed that in the I-beams the incl ined crack 
usually formed close to the centroid or in the lower part of the web, whi le the 
point of initiation in the composite beams usually was in the upper part of the web, 
close to the intersection between the web and the compression flange. An analytical 
study of the principal tensi le stresses in the web showed that the maximum tensi le 
stress for the I-beam existed a little below the middle of the web. With the par-
ticular geometry and prestressing force chosen for the composite beams the point of 
maximum tensi le stress was found at the junction between compression flange and web. 
However, at this point the longitudinal stress from the prestress was smaller than 
at the centroid of the web. Consequently, the load at the formation of a shear 
crack decreased as the result of the presence of a slab. 
It may be pointed out that the six beams referred to in Fig. 20 all had 
thin webs and high prestress levels. It is enti rely possible that a simi lar set of 
beams with a larger web thickness and a smaller prestress would develop flexure-
shear cracks. Since the flexural cracking load is increased by the slab, the in-
clined cracking load for this set of beams should be increased as a result of both 
an increase in prestress and the addition of a cast-in-place slab. 
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(g) Effect of Web Reinforcement 
The crack patterns up to the first inclined cracking observed in beams with 
web reinforcement were in general simi iar to the pattern i~ correspond!ng beams with-
out web reinforcement. Flexural and inclined cracking loads were not significantly 
changed by the presence of stirrups. However, in a few cases a marked difference 
was observed in the crack propagation after inclined cracking depending on the amount 
of web reinforcement. Figures 21 and 22 showcrack patterns for two series of beams 
recorded just before fa! lure occurred. A11 eleven beams had simi lar properties 
except for varying amounts of web reinforcement. The shear spans were 30 in. and 
45 in. for the beams in Fig. 21 and 22, respectively. 
The photographs in Fig. 21 show a significant change in slope of the cracks 
with increased amount of web reinforcement. This-change may be explained by the 
manner !n which the beam carries the total shear force. After the inclined crack 
has formed, a certain shear force has to be transmitte~ across the inclined crack in 
order to maintain beam action. In a beam without web reinforcement, this shear can 
be carried by the so-cal led doweling force in the longitudinal reinforcement. The 
doweling force may be large enough to introduce a succession of inclined cracks near 
the bottom end of the first inclined crack as seen in Fig. 2la. If the beam has 
web reinforcement, part of the shear transfer across the inclined crack wi 1 1 be 
provided by the stirrups and the doweling force would decrease accordingly. With 
a sufficient amount of web reinforcement it is then possible to avoid cracks caused 
by the doweling action and the resulting crack pattern may be as shown in Fig. 21g. 
The photographs in Fig. 22 illustrate a case for which the influence from 
the web reinforcement on the cracks is practically negligible. In these beams with 
a larger shear span, the total shear at the formation of the first inclined crack was 
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smaller than the inclined cracking shear in a beam with a shorter shear span. The 
doweling force at this stage of the loading was~ therefore, not large enough to affect 
the crack pattern. As the load on the beam was increased,~ew inclined cracks were 
formed parallel to the first one unti 1 the shear became large enough for doweling 
forces to cause additional cracking at the bottom of the inclined cracks. 
The change in distance between the flanges of the beam is primari 1y a 
measure of the vertical projection of the crack width. Since the stirrups were firm-
ly anchored in both top and bottom flanges, the total elongation of a stirrup must be 
equal to the change in vertical distance between the flanges. Before yielding, the 
stirrup is .usually crossed by at least two cracks. Considering the bond characteris-
tics of the stirrup steel, it seems reasonable to assume that the stirrup strains at 
this stage were almost uniformly distributed over the -entire length of the stirrup. 
Measured total deformations between flanges larger than, say, 0.01 in. may therefore 
give a reasonably good estimate of the strain in the stirrup. Yielding should be 
definitely expected at a deformation of about 0.015 in. 
Figure 23 illustrates how the deformation between the flanges was distributed 
along the shear span for three of the beams shown in Fig. 21. The deformation is seen 
to have a peak value close to the center of the shear span. It should also be noted 
that the deformation required to produce yie1d:ng in !he stirrups was reached over a 
large portion of the shear span. 
Figure 24 shows plots of load versus deformation between flanges for the 
same three beams. The curves shown refer to maximum and minimum deformation measured 
in a ten-in. zone along the shear span starting six in. from the load pojnt~ No 
significant deformation was measured unti 1 a crack crossed a gage line. This 
crack was not necessari 1y the inclined crack. The load at which the first deformation 
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was measured was independent of the amount of web reinforcement. The curves relating 
to beam B.23. 17 exhibited a very large decrease in slope as'the load was increased 
unti 1 a deformation of about 0.005 in. was reached. This .corresponds to the formation 
of the inclined crack. Since this beam had no web reinforcement, a further increase 
in load resulted in rapidly increasing deformations. The slope of the lower part 
of the curves relating to beams BW.23.20 and BW.23.22 depended on the amount of web 
reinforcement. in fact, the load corresponding to a deformation of 0.015 in. in-
creased linearly with rf y After yielding of the stirrups had taken place - at a 
deformation of 0.010 to 0.015 in. - the slope of the curves remained almost constant 
up to fai lure. It is important to note that both beams BW.23.20 and BW.23.22 fai led 
at loads considerably higher than the load at which the stirrups yielded. 
The three beams discussed in connection with Figs. 23 and 24 were part of 
a series of eight beams in which only the amount of web re~nforcement was varied. 
In Fig. 25 is shown the deformation between the flanges at ultimate for these beams 
plotted against the amount of web reinforcement. The ultimate deformation was ob-
tained by extrapolation of load-deformation curves of the type shown in Fig. 11. 
It is seen that an increase in rf from 0 to about 175 resulted in a drastic reduc-y 
tion in ultimate deformation whi le larger amounts of web reinforcement seemed to 
have little or no effect. This does not imply that an rf = 175 is the most y 
efficient amount of web reinforcement in this beam since it required rf = 250 to 
y 
develop the flexural capacity. It may be noted that an rf = 175 was approximately 
y 
the amount of web reinforcement which was needed to change the crack pattern as in-
dicated in Fig. 21a through g. 
The effect on the concrete strains in the top flange from inclined cracks 
and the restraint of these cracks caused by the stirrups may be seen from Fig. 26. 
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The figure shows strain distributions at ultimate along the top surface of three beams 
in which only the amount of web reinforcement was varied. fnclined cracks developed 
in all three beams, but the effect of these cracks were different. Large strain con-
centrations were measured at the top of the inclined crack in the two beams with 
light web reinforcement. Both these beams fai led in shear. The web reinforcement In 
the third beam was sufficient to restrain the opening of the inclined crack and the 
measured strain concentrations were therefore much smaller. As a result, this beam 
reached its full flexural capacity. 
The same trend can be seen in Fig. 27 which shows the concrete strain at 
the load pOInt versus the steel strain at midspan for the same three beams. A cal-
culation on the basis of linear strain distribution across the section yields results 
in good agreement with the curve for beam CW.14.40~ The deviation of the curves for 
CWo 14.37 and CW.14.39 from the curve for CWo 14.40the~ shows that the insufficiently 
restrained inclined crack caused higher strains in the compression zone than would be 
deduced from the assumption of a linear strain distribution over the depth of the 
beam. 
The overall effect of web reinforcement is illustrated by the load-deflection 
curves in Fig. 28. It must be admitted that these beams are extreme cases since the 
prestress is zero. It was chosen so as to make the difference between the flexural 
capacity and the capacity of the beam without web reinforcement as large as possible. 
It was then possible to obtain a shear fai lure with a fairly large range of rf values. y 
It appears from Fig. 28 that the inclined cracking load increases slightly 
with the amount of web reinforcement. The trend, however, is not consistent. The 
determination of the inclined cracking load for these beams was extremely difficult 
since no abrupt change in behavior was associated with it. Therefore, it seems 
justified to neglect any effect of the web reinforcement on. inclined cracking. 
The ultimate load as weI I as the ultimate deflection increased almost 
linearly with rf unti 1 sufficient web reinforcement was provided to develop a y 
flexural fai lure. 
3.4 Fai lure Modes 
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The types of fai lure observed during this investigation can be classified 
in three groups: 
(a) flexural fai lure 
(b) shear-compression fai lure 
(c) web-distress fai lure 
A beam was said to have fai led in flexure if it fai led by crushing of the 
concrete or fracture of the longitudinal reinforce~ent as a result of bending stresses 
(Fig. 29a). The concrete strains at fai lure were nearly uniform in the constant moment 
region and no serious strain concentrations were observed as a result of inclined 
cracks. 
A shear-compression fai lure was said to have occurred if the beam fai~ed 
by crushing of the concrete at or near the top of an inclined crack~ Figure 2gb 
shows such a fai lure. In beams with an insufficient amount of web reinforcement, this 
type of fai lure was always accompanied by large concentrations of strains at the top 
of the incl ined crack. Usual.ly the ultimate load was considerably higher than the 
inclined cracking load-or for beams with web reinforcement - higher than the load 
at which yielding of the stirrups took place. In beams with high longitudinal rein-
forcement ratio or a high concrete strength the fai lure was often very violent but 
in most other cases the shear-compression fai lure was relatively gentle. 
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Figure 29c shows a beam which fai led by web distress. This type of fai lure 
was chiefly observed in I-beams where it might follow immediately after the formation 
of an inclined crack or, in beams with web reinforcement, right after yielding of the 
stirrups. 
In Reference 1, Section 23 it was described that a fully developed in-
clined crack transformed a beam without web reinforcement into a tied arch with a 
thrust line which was essentially a straight line between the load point and the 
support. This structure could fail if the connection between the arch and the tie 
was destroyed or if the thrust could not be resisted by the rib of the arch. In 
beams without web reinforcement it was possible to distinguish between three categories 
of web distress fai lures: secondary inclined tension cracking, separation of the 
tension flange from the web, and web crushing. The two former categories describe 
to a certain extent the cause of fai lure whi le the last merely reflects an effect of 
the fai lure. 
The same classification was not possible for beams with web reinforcement. 
Separation of the tension flange from the web was never observed to an extent that 
made this phenomenon the direct cause of fai lure. The stirrups restrained the 
widening of inclined cracks with the result that the load could be increased and new 
cracks developed. No distinction could therefore be made between secondary inclined 
tension cracking fai lure and web-crushing fai lure. 
Web-distress fai lures were usually very explosive. In some cases a vertical 
crack was observed immediately before fai lure in the compression zone between the 
support and the center of the shear span but otherwise there was 'little warning. The 
existence of tensi le stresses in the top flange as a result of arch action was con-
fi rmed by measurements of the concrete strains along the shear span. Curve D in Fig. 10 
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shows a typical result of such measurements. The compressive strain at D increased 
unti 1 the formation of the inclined crack. As the load was 1ncreased further, the 
strain decreased and finally reversed its sign. 
It was mentioned earlier that web distress fai lures were observed mainly in 
beams with thin webs and high prestressing forces. Under such conditions, the thrust 
in the tied arch would become large and it would often act with a large eccentricity 
with respect to the centroid of the effective section of the arch. In several cases, 
it was observed that an increase in the amount of web reinforcement could increase the 
stabi lity of the thrust. Thus a web-distress fai lure could be avoided and the beam 
would instead fai 1 in shear-canpression because of concentration of strains close 
to the load point. Finally, as the amount of web reinforcement was further increased, 
the restraint on the opening of the inclined crack~ could become effective enough to 
prevent a strain concentration and the beam could develop its full flexural capacity. 
An example of this sequence is shown in the photographs in Fig. 29. The distribution 
of concrete strains for these three beams was given in Fig. 26. 
Web-distress fai lures were also observed in a few beams with 3-in. webs 
and with no prestress. Photographs of these beams, taken shortly before fai lure, are 
shown in Fig. 22. Although beam 8.25.18 had no web reinforcement, it appears that 
the abi 1 ity of the longitudinal reinforcement to transfer at least part of the shear 
across the inclined crack enabled the beam to carry the load mainly by beam action 
unti 1 close to fai lure. As the doweling force began to cause cracks along the longi-
tudinal reinforcement, the beam was transformed gradually into a tied arch. At this 
stage, cracks with fairly steep inclinations had developed in a large portion of the 
shear span. The thrust was therefore forced to act with a large eccentricity which 
resulted in a sudden and violent web-distress fai lure (Fig. 30a). 
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In beam BW.2S. 19 a small amount of web reinforcement was used. Unti 1 
yielding of the stirrups occurred, the effect of the web reinforcement was to delay 
the transformation from beam action to the tied-arch actiop. Soon after yielding 
of the stirrups the transformation took place and again the result was a web-
di stress fai lure. 
A characteristic feature of a web-distress failure is illustrated in Fig. 
31 which shows plots of deformation between the flanges versus the load for three of 
the beams shown in Fig. 30. These curves may be compared with the curves in Fig. 
24 which relate to beams with the same section properties but a shorter shear span. 
From Fig. ~l it is seen that beam B.2S.18 fai led at a rather small deformation 
between the flanges indicating instabi lity. Beam BW.2S. 19 fai led soon after yield-
ing of the stirrups (Fig. 30b) but for an ultimate- deformation which was sti 1 I much 
smaller than for the comparable beam with the short shear span. In beam BW.2S.20 
a sufficient amount of web reinforcement was provided to keep the tied arch stable 
at deformations considerably higher than those corresponding to yielding of the 
stirrups. The fai lure mechanism for this beam (Fig. 30c) contains elements of both 
web-distress and shear-compression fai lures. However, the large ultimate deformation 
between the flanges indicates a shear-compression fai lure caused by a strain concen-
tration at the load point. The web reinforcement in beam BW.2S.21 was sufficient 
to develop the ful I flexural capacity (Fig. 30d). 
Shear fai lure in a beam with web reinforcement may thus develop either as a 
web-distress or a shear-compression fai lure. If a beam without web reinforcement fal Is 
by web distress, it furthermore appears that the addition of more and more web rein-
forcement wi 11 change the fai lure mode first to a shear-compression fai lure and then 
to a flexural fai lure. 
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4. INCLINED CRACKING LOAD 
, 
In the discussion of the behavior of prestressed beams, it was demonstrated 
how an incl ined crack could transform a beam without web ~einforcement into a struc-
ture which carries the load in a manner simi lar to a tied arch. Although the beam 
without web reinforcement has been observed in some cases to sustain a considerable 
increase in load after inclined cracking, its behavior is modified so drastical ly 
that the inclined cracking load rather than the maximum load attained should be 
considered as the useful capacity of the beam. This is especial ly true for beams 
which fai I by web distress since the formation of an inclined crack in such a beam 
usually l~ads to collapse with only a slight increase in load. Therefore, the 
quantitative prediction of this load is essential. 
In the following two sections, analytical expressions are derived for the 
loads corresponding to shear and flexure-shear cracks. 
4.1 Shear Cracks 
A shear crack was defined as an inclined crack which occurs in the web 
before flexural cracking in its vicinity (Fig. 8c). The qualitative observations 
pertaining to the formation of a shear crack suggested that the corresponding load 
relates to the principal tensi Ie stress in the web. Since the part of the beam under 
consideration is uncracked, the principal tensi Ie stress at any given point may be 
found with sufficient accuracy by the conventiona-l methods of strength of materials: 
(3) 
where principal tensi le stress (plus signifies tension) 
~ the normal longitudinal stress 
x 
~ the normal transverse stress y 
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~ = the shearing stress 
The term rr involves stresses caused by prestress, dead load, and live load. At 
x 
shear cracking this term may be expressed as: 
where 
rr 
x 
F 
se 
F 
se 
A 
c 
Fse ey MO Y 
+--I 
effective prestressing force 
A area of prestressed concrete section 
c 
e eccentricity of prestressing force with respect to elastic 
centroid of prestressed section 
(4) 
Y distance from centroid of prestressed section to point considered 
(positive downwards) 
moment of inertia of prestressed section 
Y
t 
distance from centroid of total section (section including 
cast-in-place slab) 
I t moment of inertia of total section 
MO dead load moment at section considered 
Vo dead load shear at section considered 
V total shear at shear cracking 
cs 
M/v ratio of live load moment to shear at section considered. 
The term ~ includes stresses from a vertical prestress (e.g. prestressed stirrups) 
Y 
and bearing stresses acting near loads and reactions. The region in which the 
bearing stresses are significant extends, according to an elastic analysis, about 
O.7Sh on either side of the load point. In beams with shear spans shorter than 
1.Sh the bearing stresses wi 11 affect the principal tensi le stresses in the region 
where the shear crack may develop. However, in beams of practical proportions, 
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with shear spans longer than twice the depth of the beam, the bearing stresses wi 11 
have little or no influence on the stresses causing shear c;acking. 
The shearing stress 1" at shear cracking may be found from the expression: 
Vo Q 
1" - -I-b-I (5) 
where Q first moment of area beyond point considered with respect to centroid 
of prestressed section 
Qt first manent of area beyond point considered with 'respect to centroid 
of total section 
:b l width of web at point considered. 
The total shear, V ,may be modified to take into account the effect of 
cs 
draped reinforcement. As long as the drape angle is small, the prestressing force 
on a section of the beam may be considered as the resultant ofa force normal to 
the section with the same magnitude as the prestressing force and a shear force in 
the plane of the section. This shear force wi 11 counteract the shear from the dead 
load and applied load so that the effect of draped reinforcement can be found by 
using in Eqs. 4 and 5: 
where 
v 
cs 
V! 
V I - F s i ncp 
se 
shear corresponding to dead load and applied load 
(6) 
~ drape angle, angle between the longitudinal axis of the beam and 
the resulting prestressing force. 
With the aid of Eqs. 3 through 6, the principal tensi le stress at any 
point in the beam may be determined. ,If it is assumed that the initiation of the 
'shear crack is a stress problem only, it follows that the shear crack wi 11 form when 
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the largest principal tensi le stress exceeds the tensi le st~ength of the concrete. 
The process of determining the point at which this maximum stress exists is very 
tedious because of the changing combinations of shearing and flexural stresses. In 
an attempt to simplify the procedure a study was made of the beams, reported here 
and in Ref. 1, in which shear cracks developed. The principal tensi le stress was 
calculated at points along the trajectory of the actual shear cracks. For the 1-
beams these computations showed that the ratio at fai lure between the maximum principal 
tensi le stress and the principal tensi le stress at the centroid was close to unity. 
In 20 of the 30 beams the maximum stress actually occurred at the centroid whi le 
the ratio 'in the remaining cases varied between 1.00 and 1.23. The maximum tensi le 
stress in these ten beams occurred at points below the centroid. At the same time, 
however, the properties of the beams were such that a flexure crack became more and 
more likely to develop concurrently with the shear crack. The few beams with a high 
ratio between the maximum tensi le stress and the principal tensi le stress at the 
centroid thus represents a transition region between shear cracking and flexure-
shear cracking. Shear cracking in I-beams may therefore be predicted with sufficient 
accuracy on the basis of the principal tensi le stress at the centroid. 
The composite beams consisted of a precast~ prestressed I-beam and a cast-
in-place slab wh~ch was added after the prestress was released. The centroid of 
the total section was in the flange of the precast I-beam. If a shear crack developed 
in a composite beam, it was always observed first at the junction between the web 
and the flange. The distance from the load point to the top of the shear crack 
was nearly the same as the distance from the top of the beam to the top of the web. 
It was therefore assumed that the maximum tensile stress at shear cracking would 
occur at the point in the web closest to the centroid along a line passing through 
the top of the beam at the load point and forming a 45-degree angle with the 
longitudinal axis. 
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With these simplifying assumptions, it is possible to determine the 
maximum tensi le stress in the web for a given load. And if'the tensi le strength 
f of the concrete is known, the shear V at which the shear crack develops can be 
t cs 
obtained. For !-beams, the expression for V reduces to: cs 
v 
cs 
F 
+~ A f 
c t 
where f t = tensi le strength of concrete. 
( 7) 
The corresponding expression for a composite section reduces to (neglecting 
the term 0" ) : y 
V = ~ [f ql - O"x) - V Q ] + V Q f 0 I b ' . 0 cs t t t (8) 
where IT is found from Eq. 4. If the centroid of the composite section is in the 
x 
web, the last term in Eq. 4 is equal to zero and V can be determined directly. 
cs 
If the centroid of the composite section is in the flange, Venters in both Eq. 
cs 
4 and 8 and a solution is obtained readi ly by a trial-and-error procedure. 
It appears that the state of stress leading to a shear crack in the web is 
best simulated by the cylinder splitting-test. Consequently, in all calculations 
pertaining to a shear crack, it was decided to use the tensi le strength determined 
from E q. 2 (F i g. 2): 
(2) 
The 'shears requi red to produce a shear crack according to Eqs. 2 through 
8 are listed in Table 5. The correlation with test results wi 11 be discussed in 
Section 4.3. 
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4.2 Flexure-Shear Cracks 
The second type of inclined crack was always observed in connection with 
a flexure crack developing between the load point and the ~upport. If the principal 
tensi le stresses in the web at this stage of the loading was high, the stress 
redistribution caused by the formation of the flexure crack was often such that an 
inclined crack could develop for a slight increase in load. In other cases~ de-
pending on the properties of the beam, the load at inclined cracking could be as 
much as a third greater than the load at which the critical flexure crack formed. 
The position of the critical flexure crack was found to depend on the 
properties'-af the beam. Its distance from the load point ranged from approximately 
one-half the height of the beam to about one third the shear span. The di stance 
was generally smal 1 when the load causing the critical flexure crack approached 
the computed load at shear cracking and it increased as the difference between these 
loads increased. 
Determination of the stresses in a beam in the vicinity of a crack is 
rather involved and especially sensitive to the assumptions necessary to describe 
the conditions at the top of the crack. In view of the scatter in the test data 
and the sensitivity of the results of an "exact" analysis to the assumptions that 
have to be made, determination of the flexure-shear cracking load on the basis of 
an "exact" stress analysis of the cracked web is not justified. 
On the other hand, it can be stated on the basis of the observations that 
the flexure-shear cracking load is larger than the load which produces the critical 
flexure crack. The horizontai projection of the crack must be longer than the depth d 
of the beam for the inclined crack to have a significant effect on the behavior. A 
flexure crack in the shear span at a distance closer than d/2 from the load point 
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should not affect the tensi le stresses along a potential trajectory for an inclined 
crack. Therefore, flexural cracking at a distance d/2 in tne di rection of decreas-
ing moment from the section considered may be assumed as b~ing critical. For the 
test beams, the dead load was small compared with the live load and the total shear 
at the formation of the critical flexural crack may be expressed as follows: 
M 
cr v M d (9) 
V 2 
where M is the flexural cracking moment for a section located a distance d/2 from 
cr 
the point considered in direction of decreasing moment. 
,The additional shear required to form the inclined crack can be evaluated 
from the test results. Figures 32 and 33 show nondimensional plots of the measured 
total shear at inclined cracking versus the calculated total shear at the formation 
of the critical flexure crack. A sufficiently accurate representation of the test 
data was obtained by the expression: 
M 
cr 
M d 
V 2 
+ bid .Jf i 
c 
(10) 
The cracking moment M was computed using Eq. 1 for the modulus of rupture and the 
cr 
moment of inertia was based on plain concrete section. Computed as well as measured 
values of the flexure-shear cracking load are listed in Table 5. The correlat!on 
wi 11 be discussed in Section 4.3. 
The dead load for beams of practical proportions is usually comparable to 
the live load. To avoid the ambiguity of the moment-shear ratio in Eqs. 9 and 10, 
the dead-load shear and the iive-load shear may be separated. Equation 10 then 
becomes: 
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( 1 1 ) 
where MI is the cracking moment avai lable to resist live load and M/V is the 
cr 
moment-shear ratio corresponding to live load alone. 
4.3 Compari son Between Computed and Measured Inclined Cracking Loads 
Computed and measured inclined cracking loads and the type of the inclined 
cracks observed are given in Table 5. For each beam,the calculated inclined crack-
ing loads corresponding to both a shear crack and a flexure-shear crack are listed. 
The smal~er of these loads indicates the predicted value as well as the expected 
type of incl ined crack. 
Inclined cracks developed in 127 beams. --In 122 of these beams, the 
predicted type of crack agreed with that observed. 
A total of 42 beams developed shear cracks. The average ratio of measured 
to predicted cracking loads was 1.10 with a standard deviation of 0.12. The 
average ratio as well as the mean deviation for the composite beams were larger 
than for the remaining beams. A possible reason for this difference may be the 
presence of differential shrinkage stresses in the compos!te beams. The shrinkage 
in the slab of these beams acts as an additional prestressing force introducing 
compressive stresses at the junction between the flange and the web. Assuming a 
differential shrinkage strain in the flange of 0.0001, the increase in the cal-
culated shear cracking load would be about ten percent. However, since the shrinkage 
strain may vary considerably from beam to beam, it was neglected in the calculations. 
Flexure-shear cracks were observed in 87 beams (2 beams with moving 
loads developed both shear and flexure-shear cracks). The average "ratio of 
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measured to computed cracking loads was 1.10 and the standa~d deviation was 0.087. 
It should be noted that the last term in Eq. 10 includes only a few of the 
variables which may affect the shear carried after the cr~tical flexural crack has 
developed. However, in beams with medium or high levels of prestress, the term in 
Eq. 10 containing the flexural cracking moment is predominant and the second term 
is relatively unimportant. This probably accounts for the good agreement between 
computed and measured inclined cracking loads in beams with a reasonably high pre-
stress. In beams without prestress, the flexural cracking moment is small and the 
last term in Eq. 10 becomes important. The simplifications made in this term may 
thus result in a less accurate prediction of the inclined cracking load. Conse-
quently, Eq. 10 is not directly applicable to ordinary reinforced concrete members. 
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5. UL TI MATE LOAD 
The shear fai lures observed in the tests were classified as web-distress 
fai lures or shear-compression fal lures. The following twoxsections describe quali-
tatively how an analysis of the ultimate load may be developed on the basis of the 
observed fai lure mechani sms. I t should be pointed out that such an ana1ysi s has 
little practical value. It is mentioned here for the purpose of describing more 
fully the fai lure mechanisms and the factors affecting shear. This was deemed very 
important considering that the simplified design procedure developed in Section 5.4 
usually has been associated ~ith a completely different fai lure mechanism. 
5.1 Web-Distress Fai lures 
This mode of fai lure is essentially a result of arch action in the beam, 
and questions therefore arise as to the geometry of the arch and the location of the 
thrust at each section along the shear span. Idealized crack patterns for three 
beams shortly before fai lure are shown in Fig. 34. It is evident that a considerable 
loss of shear flow has taken place in all three beams along a large part of the 
shear span so that at 1 east some arch act i on must be present. The actua 1 loss of 
shear flow, however, is difficuit to determine since part of the shear may still be 
transferred across the inclined crack by doweling in the longitudinal reinforcement 
or by the web reinforcement. Since the thrust line is determined by the loss of 
shear flow, its position is also uncertain. The actual geometry of the arch is 
extremely difficult to predict since it depends on the development of cracks. 
If total loss of shear flow is assumed in the three cases shown in Fig. 
34, the thrust line would be a straight line between the load point and the reaction. 
Such a line would fall outside the rib of the arch in case (a), in fact, this beam 
would fai 1 before the shear flow within the beam was completely lost. In cases (b) 
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and (c) the thrust line falls inside the rib, but it may ha~e a large eccentricity 
with respect to the centroid of the rib as in case (b). An interaction diagram 
between axial load and bending moment could then be constructed for the critical 
section of the arch. The effect of stirrups on such a diagram is twofold: the 
thrust line is raised reducing the eccentricity and the magnitude of the thrust 
is decreased as a result of the shear f10w through the stirrups. 
The eccentricity of the thrust in case (b) is so large that fai lure is 
likely to be initiated by high tensi le stresses in the top flange at point A. This 
failure would be called web-d·~stress. The thrust in case (c) may be resisted by 
the arch so that a web-distress fai lure becomes unlikely. The same situation could 
arise in cases (a) and (b) if sufficient web reinforcement was provided. A shear-
compression fai lure is then the most likely result. 
5.2 Shear-Compression Fai lures 
The conditions at ultimate for a shear-compression fai lure were observed 
to be essentially simi lar to those for a flexural failure. The analysis of the 
strength of beams fai ling ~n shear-compression could therefore be carr~ed out in a 
manner simi 1 ar to the analysi s of flexural strength. 
In the case of pure flexure, it is usually assumed that strains are 
distributed 1inearly over the entire cross section at any stage of the loading. An 
analysis based on this assumption gives sufficiently accurate results for sections 
subjected to pure flexure since the assumption with respect to distribution of 
strains over such a section is in good agreement with measurements. Furthermore, 
the flexural strength of a moderate1y reinforced concrete section is rather insen-
sitive to small deviations from the assumed linear strain distribution. Measurements 
show that the strain dist-ribution in a region subjected to combined bending and shear 
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is nearly linear up to inclined cracking. However, as the load is increased further, 
the concrete strains tend to concentrate at the top of the inclined crack (Fig. 10) 
because an angle change in the compression zone takes place over a very short distance, 
whi Ie the corresponding deformations in the reinforcement is distributed over a 
distance equal at least to the horizontal projection of the inclined crack at the 
level of the steel. The beam thus undergoes two stages of behavior governed by 
two different relations between strains in steel and concrete. Referring to Fig. 
35 these compatibi l~ty equations may be written as 
1- k 
Esc + F2 (Eu - Ecc)[~] 
u 
( 12) 
(13) 
where the compatibi lity factors Fl and F2 express the relation between the concrete 
strain in the top fiber and the steel strain at a section through the top of the 
inclined crack. If F] and F2 are set equal to unity, Eqs. l2 and 13 become 
fami liar expressions corresponding to a linear strain distribution over the section. 
The equi librium conditions for this section can be written in the same 
way as for a section unaffected by the inclined crack: 
pbdf = bk df 
su u cu 
or 
( 14) 
and 
M = A f d ( 1- k2ku) u s su ( 15) 
Equations 12 through 15 can be solved to yield the strength of the beam, if F l , 
F k f E and E are assumed or known. 2' c 9 cu' cc' u 
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Such an analysis was used for beams without web reinforcement in Ref. 
where the necessary assumptions and the sensitivity of the analysis to these assump-
tions were discussed in detai 1. For the purpose of this report it is sufficient to 
note that the analysis of the ultimate load for a beam fai ling in shear-compression 
with the assumptions made becomes identical to the computation of the flexural 
capacity, except that a compatibi lity factor sm3ller than unity is used after inclined 
cracking. Thus, for both the flexural and shear-compression analyses, the fai lure 
criterion is that the ultimate load is reached when the strain in the extreme fiber 
of the compression zone exceeds a limiting value. 
How the shear-compression analysis as defined in Ref. 1 can be modified 
to incorporate the effect of web reinforcement is illustrated with the help of the 
curves shown in Fig. 36. The curves in this figu~e idealize the relationships be-
tween concrete and steel strains as indicated for three simi lar beams with different 
amounts of web reinforcement. Curve A refers to a flexural fai lure where the ratio 
between concrete and steel strain is nearly constant from flexural cracking to 
fai lure. This ratio corresponds to an almost fixed position of the neutral axis 
and a compatibi lity factor close to unity. Curve B refers to a shear fal lure in a 
beam with no web reinforcement and curve C to a beam with some web reinforcement 
although not enough to develop the flexural capacity. All three beams behave in the 
same manner up to inclined cracking. For higher loads the amount of web reinforce-
ment has a marked influence on the strain relationship. The inclined crack is 
effectively restrained against opening as long as the stress in the stirrups is in 
the elastic range. Curve C wi 11 therefore be ciose to Curve A between points 
corresponding to inclined cracking and yielding of the web reinforcement. Beyond 
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this point the beam with intermediate amount of web reinforcement behaves in a 
manner simi lar to the beam without web reinforcement. Since yielding of all the 
~ 
stirrups crossed by the inclined crack is a gradual process, Curve C should have a 
smooth transition as indicated by the broken line. However, the strain relation 
may be thought of as having a compatibi lity factor equal to unity up to yielding of 
the web reinforcement thus replacing the broken line with two straight lines. 
It is interesting to consider the result of a dogmatic application of 
the shear-compression analysis to two identical beams loaded to have different lengths 
of shear span. !f the inclined crack develops as a flexure-shear crack, the corres-
ponding moment (Eq. 10) and hence the steel strain at inclined cracking would be 
nearly the same in the two cases. There is no significant change in the relation-
ship between the critical concrete and steel strains·unti 1 the web reinforcement 
yields. Again on the basis of the shear-compression analysis, the yielding of the 
web reinforcement is influenced primari ly by the moment. Consequently, the web 
reinforcement should yield in both beams at the same moment. Curve C in Fig. 36 
could thus represent the relation between steel and concrete strains in both beams. 
This implies that the increase in steel strain and, therefore, the increase in 
moment caused by the sti rrups should be independent of the length of the shear 
span. Accordingly, the increase in shear capacity provided by a certain amount 
of stirrups should be inversely proportional to the aid ratio. 
I t is difficuit to conduct tests which support or repudiate this inference 
conclusively. Experimental scatter and the possibi lity of having different fai lure 
modes are the principai sources of these difficulties. The test results presented 
in Fig. 37 reflect both sources. However, certain trends may be observed. 
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Figure 37 shows the influence of web reinforcement on the load at ultimate 
and at yielding of the stirrups. Each part of the figure represents a series of beams 
with constant length of shear span: 30 in. or 45 in. Alt the beams had simi lar 
properties except that the amount of web reinforcement for each shear span was 
varied from zero to an amount sufficient to develop the flexural capacity of the 
beam. 
Yielding of the stirrups was said to have occurred when an average strain 
between the flanges of 0.0015 was measured a10ng a length of the shear span equal 
to the effective depth of the beam. The corresponding load increased linearly 
with the-amount of web reinforcement and the rate of increase was furthermore nearly 
inversely proportional to the length of the shear span. It should be noted that 
yielding of the stirrups is a matter of definition. If another criterion is used, 
the load at yielding wi 11 change for a beam with a large amount of web reinforce~ 
ment but stay almost constant for a beam with a small amount of stirrups (Fig. 24). 
The slope of the dotted lines would thus change but it appears that the ratio be-
tween the slopes corresponding to 30-in. and 45-in. shear span is almost constant 
as long as a reasonable and consistent definition of yielding in the stirrups is 
used. The measured yield loads seem therefore to agree with the results from the 
shear-compression analysis. 
A simi lar comparison between predicted and measured ultimate loads is 
not possible since beams 8.25.18 and SW.25. 19 fai led by web distress (Fig. 31). 
It is rather obvious that a shear-compression analysis as outlined here 
is of little value in design. However, the analysis provides a better understand-
ing of the fai lure mechanism. It may therefore serve as a good basis for a 
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simplified analysis. The fOllowing chapter describes in detai 1 the developme~t of 
a design criterion and discusses its limitations. 
5.3 Basic Design Cons~derations .x 
Design of beams without web reinforcement is usually based on the inclined 
cracking load as the useful shear capacity of the beam rather than the ultimate 
load, although the ultimate load may be as high as twice the inclined cracking load 
in some cases. This is a reasonable approach for two reasons. The mode of fai lure 
in shear is difficult to predict and, even if this obstacle could be removed, the 
corresponding fai lure load cannot be found with certainty. Furthermore the behavior 
of the beam after incl~ned cracking is often so poor that the beam has lost its 
usefulness as a structural member. 
A simi lar argument is true to a certain extent for beams with web rein-
forcement as long as the beam sti 1 1 fai ls in shear. Once the web reinforcement in 
a beam yields, the crack propagation can take place without much restraint. The 
behavior of such a beam after its web reinforcement has started to yield is there-
for eve r y s i m i 1 art 0 the be h a v i 0 r aft e r inc 1 i ned c r a c kIn g 0 f abe am wit h 0 u t we b 
reinforcement. To be consistent with the design of beams without web reinfor·cement, 
it might be suggested that the load at which the stirrups yield be considered as 
the usefu1 capacity of a beam with web reinforcement. 
The same conclusion could be arrived at by a slightly different approach. 
Figure 36 shows that yielding of the sIirrups before the flexural capacity is 
reached means in pri~ciple that the ultimate steel strain and therefore the deflec-
tion at fai lure wi 11 be smaller than expected for a flexural fai lure. I f the longi-
tudinal reinforcement ratio is fairly small it is possible to have a significant 
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reduction in ultimate strain with only a few percent decrease in ultimate steel 
stress and thus in fai lure load. 
:r 
The ducti lity of a member IS of prime importa0ce in many structures and wi 11 
probably be so more and more with the increased use of ~imit design. The design pro-
cedure must therefore ensure that the necessary load capacity as well as a reasonable 
ducti lity can be obtained. The last requirement, however, can only be satisfied if 
the ultimate steel strain is at least nearly as high as it would be expected for a 
flexural fai lure. In some cases the proportions of a section are determined on the 
basis of service load conditions. The factor of safety against a flexural fa! lu,e 
is then higher than required, To ensure a ductile failure of this member it is 
necessary to provide at least the same factor of safety against a shear fai lure as 
the actual design provides against a flexural fai lur~. 
On the basis of a ducti l!ty requirement, it might thus be desirable to 
limit the useful capacity of a beam w~th web reinforcement to the load at which the 
stirrups yield. However, as the amount of web reinforcement is lncreased up to 
that which is needed to prevent a shear fai lure, the load at yie1ding of the 
sti rrups loses some of its significance. As mentio~ed before, this yielding 
occurs gradually and the correspo~d!ng load for beams with a large amount of web 
reinforcement is sensitive to the definition of yielding. The avai lab]e test 
results also seem to indicate that this sensitivity is reflected in the strain 
relationship (Fig. 36). Apparently, the change in co;npatibi1ity factor at 
yielding of the stirrups decreased as the amount of web reinforcement was increased. 
The upper part of a curve Clin Fig. 36 correspond~ng to a beam with a large amount 
of web reinforcement may therefore have a slope only slightly different from curve A 
although the sti rrups may have yi~lded before the flexural capacity was reached. 
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The gradual yielding of the stirrups is a possibl~ physical explanation of 
this behavior. However, at least one other factor seems to be important. Even in a 
beam with an amount of web reinforcement much larger than ~needed to prevent a shear 
fai lure it is possible that at least some stirrups wi 1 1 yield when the stress in 
the longitudinal steel exceeds the proportional limit. The cracks will then open 
much more rapidly. If these cracks have any inclination at all, which is ~lmost 
always the case in a region subjected to combined bending and shear, their opening 
wi 1 1 result in an increase in the distance between the flanges and therefore a 
strain in the stirrups. An indication of this effect is provided in Fig. 37b which 
shows that an increase in rf from 176 to 206 in this particular case has almost y 
no effect on the load at which the stirrups yielded. 
To recapituJate, it can be said that (f) a·member should be designed to 
fail in flexure, (2) if the inclined cracking load is smaller than the flexural 
capacity, web reinforcement must be provided to ensure both flexural strength and 
ductility, (3) available test results show reasonably well how much web reinforce-
ment is needed to develop the flexural strength, and (4) to provide the ducti lity 
corresponding to a flexural fai lure, it may be necessary to use more web rein-
forcement than would be required in order to develop the flexural strength. 
5.4 A Design Expression 
A hypothesis for the mechanism of the action of web reinforcement was 
dis c u sse din Sec t ion 5. 2 . Ide all y , i t wo u 1 d bed e sir a b 1 e to form u 1 ate a des i g n 
procedure on the basis of that mechanism. On the other hand, it is necessary 
that the design procedure be no more complicated than would be justified by the 
certainty of the theory and the economy of the end results. Consequently, the 
"deus ex machina" contained in the fol lowing expression? which has been used 
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successfully in design as well as analysis of test results for a long time, should be 
examined in the light of the hypothesis presented in this report. 
v = V + rf bd 
u c y ( 16) 
Equation 16 has been justified on the basis of diverse reasoning in essentially 
the form shown above but with different definitions of V n It should be emphasized 
c 
that this equation is used here strictly as an expression to determine the amount of 
web reinforcement which is needed to prevent a shear fai lure. The equation should 
not be expected to predict the ultimate load corresponding to a shear fai lure in a 
beam with any given amount of web reinforcement although it wi 11 be shown that in 
most practical cases, Eq. 16 wi 1 1 indicate a lower bond to this quantity. The 
lines in Fig. 37 corresponding to Eq. 16 are therefore drawn only for the purpose 
of comparing the design criterion with the effe~i of the major variables on the 
test results. 
Figure 37a shows that the slope of the 1 ine representing the design 
equation may be greater than the rate of increase in the ultimate load for a shear 
failure. This is genera11Y true when failure occurs In shear-compression. If 
beams with sma1 I amounts of web reinforcement fai 1 by web distress (Fig. 37b), 
the rate of increase in fai lure load with an increase in rf wi 1 1 be larger y 
because of the change in fai lure mode from a web-distress to a shear-compression 
fai iure. As mentioned in Chapter 3, a transition region of shear-compression 
fai lures wi 11 always separate ranges of rf in which web-distress and flexural y 
fai lures are obtained. The mechanism of web-distress failures may therefore be 
ignored in considerations related to design. 
From Fig. 37a, it is seen that the line representing Eq. 16 is steeper 
than the lines referring to yielding of the stirrups and to ultimate load. This 
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raises the questions as to whether the difference between the flexural capacity 
V
f 
and the inclined cracking load Vc can be large enough so that the amount of web 
reinforcement required by Eq. 16 may be too small to ensur~ a flexural fai lure. 
In terms of the difference between Vf and Vc ' the beams referred to in Fig. 37 are 
extreme cases since they are not prestressed. In fact, the main consideration in 
the design of these beams was to make the difference between the flexural capacity 
and the inclined cracking load as large as possible in order to obtain shear fai lures 
with a large range of rf. Even for this extreme condition, Eq. 16 yields an amount y 
of web reinforcement large enough to develop the flexural strength. The primary 
reason for this was that the beams with high va1ues of rf fai ling in shear-y 
compression were able to support loads significantly higher than that at which the 
sti rrups started to yield. A shear-compression fai lure is always associated with 
large deformations between the flanges. Since these deformations can take place 
only in connection with a considerable increase in load it is reasonable to expect 
that a relatively large difference between loads at ultimate and at yielding of the 
sti rrups is a general feature of shear-compression fai lures in beams with high 
rf. The magnitude of this additional capacity compared with the difference be-y 
tween the flexural capacity and the inclined cracking load determines the degree 
of conservatism involved in using Eq. 16. The smaller the difference between 
Vf and Vc the more conservative is the amount of web reinforcement required by 
Eq. 16. 
The shear-compression approach described in 'Section 5.2 leads to the 
conclusion that the effectiveness of the stirrups decreases as the length of the 
shear span increases. This is not directly reflected in Eq, 16. The increase in 
the length of the shear span automatically decreases the difference between the 
62 
flexural capacity and the inclined cracking load. Consequently~ Eq, 16 requires a 
smal ler number of stirr~ps. However, if the change in lengih of the shear span 
results in inversely proportional changes of a] 1 ordinate~ in a diagram simi Jar to 
Fig. 37, the amount of web reinforcement needed to obtain a flexural fai lure would 
be independent of the shear span. This is possible only if the lnc1ined crack de-
velops as a flexure-shear crack and if the fi rst term in Eq, ,0 is predominant. A 
beam with such properties wi 1 1 have a relatively small difference between flexural 
capacity and inclined cracking load. Since this is the condition for which Eq. 16 
is most conservative, the discrepancy between the shear-compression theory and the 
design approach seems unimportant. 
On the other hand, if the difference between Vf and Vc is large, an 
increase in the length of the shear span wi 11 only cause minor changes in the 
inclined cracking load and in the additional capacity avai lable after yielding of 
the sti rrups. Only the flexural capacity and the slope of the line in Fig. 37 
corresponding to ultimate wi 1 I be affected appreciably. The necessary amount of 
web reinforcement determined from a diagram simi iar to Fig. 37 wi 11 thus decrease 
providing at least some justification for the reduction found from Eq. 16. Figure 
37 illustrates this argument. !t is seen that despite the change in the length of 
the shear spa~, Eq. 16 provides in both cases sllghtly more web reinforcement than 
needed to develop the fiexural strength. It should be noted that the Ijne in Fig. 
37b corresponding to ~~timate is obscured by different fai lure modes. 
The amount of web reinforcement determined by Eq. 16 thus seems adequate 
as far as development of the load capacity is concerned. In fact, in cases where 
the difference between the flexural capacity and the inclined cracking load is 
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relatively small, the design criterion appears to be rather conservative, although 
a long shear span wi I I reduce the degree of conservatism. 
The shear-compression theory also attracts attention to the fact that a 
beam may fai 1 at a load very close to its flexural capacity but without developing 
its ful I ducti lity. This may happen in beams with low reinforcement ratios where 
the steel strain at ultimate is well beyond the elastic range. However, such beams 
general ly have a rather high inclined cracking load compared with the flexural 
capacity, the condition for which Eq. 16 with respect to strength is most conserva-
tive. On the other hand, a large difference between Vf and Vc usually corresponds 
to a beam with a high reinforcement ratio. The ultimate steel strain for a flexural 
fai lure in such beams is relatively low. Consequent ly, the beam wi 11 not be able 
to develop its flexural capacity without simultari~ously developing its maximum 
ductility. 
I t may be concluded that the design criterion presented in Eq. 16 provides 
a reasonably good comproiTlise between a theoretical and a practical sOll1tion to the 
problem of design of web reinforcement in a prestressed concrete beam. 
Since the effect of the web reinforcement is based on its abi lity to 
restrain the opening of inc1ined cracks, it is obvious that not only the amount but 
also the di stribution of the web reinforcement is important. !f an inclined crack 
can develop without crossing at least one stirrup, the beam can behave as if no web 
reinforcement at al I was provided. The restraining effect of the web reinforcement 
is largest if the stirrup crosses an inclined crack close to the main tension rein-
forcement where the crack opening is largest. Ideally, it would be desirable to have 
the stirrup spacing equal to a very small fraction of the beam depth. However, it 
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has been observed that there is no appreciable decrease In the efficiency of the 
stirrups at spacings equal to half the effective depth. 
5.5 Comparison of Capacities Based on Equation 16 with Test Results 
As mentioned earlier, Eq. 16 should not be expected to predict the fai lure 
load for a beam with any given amo~nt of web reinforcement. This is brought out 
clearly by the test results shown in Fig. 37. On the other hand, the preceding 
discussion implies that Eq. 16 ought to represent a lower bound to the capacity of 
a beam fai ling in shear. Table 6 gives a listing of the measured ultimate shear 
and the capac:ty computed by Eq. 16. A total of 106 beams with web reinforcement 
were tested. The majority of the beams were provided with approximately the amount 
of stirrups required by Eq. 16 to obtain a flexural fai lure. As a result, 53 
beams fai led in flexure without showing any sign of shear distress. Thirteen beams 
developed their flexural capacity but the fai 1ure modes contained elements of both 
shear and flexural fai lures. Most of these 13 beams had rather high reinforcement 
ratios so that even a bona-fide flexural fai lure would take place without any 
appreciable ductility. In such cases, it is extremely difficult to determine the 
correct mode of fai lure. Of the remaining 40 beams, 38 developed shear fa! lures 
whi le two fai led in bond. 
Most of the beams fai ljng !n shear developed at least the load capacity 
i nd i cated by Eq. 16. Six beams did not. One of these beams had a st i rrup spac i ng 
which was too large (10 in.) and another beam fa~led at a ioad slightly higher than 
its flexural capacity. The remaining four beams had unbonded stirrups with litt~e or 
no prestress. The unbonded stirrups had a length about 20 percent larger than 
the unbonded stirrups. The elongation of the unbonded stirrup at a certain stress in 
the stirrup was therefore larger and fai lure could occur at a smaller 1oad. 
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As described in Chapter 4, the shear cracking load Is increased by pre-
stressing the stirrups. After the inclined crack has developed, a certain opening 
of this crack must take place in order to reach fai lure. This increases the stress 
in the stirrups and thus the load. However, the higher the prestress in the stirrups, 
the smaller is the possible increase in stress after inclined cracking. This was 
taken into account in a very crude manner in the application of Eq. 16. The yield 
stress of the stirrups entering into Eq. 16 was reduced by an amount equal to the 
effective prestress in the stirrups. This procedure is by no means correct but it 
seems to give conservative "results. 
Three beams with inclined stirrups were tested. All three beams developed 
at least 95 percent of the calculated flexural capacity and the fai lures were 
characterized as flexural or transitional fai lures. Thus, a conclusion with respect 
to the efficiency of inclined stirrups is not justified on the basis of these tests. 
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6. A DESIGN PROCEDURE FOR WEB REINFORCEMENT 
This chapter is devoted to the description and discussion of a design 
procedure for web reinforcement in prestressed concrete beams. The design procedure 
is based on an inte-rpretation of the experimental work described in this report. 
Although references are made to other chapters in order to support state-
ments made, this chapter is written so that it can be studied independently of the 
rest of the report. It should provide sufficient information so that the basis of 
the design procedure can be understood with enough depth to enable the reader to use 
the procedure with confidence in problems out of the ordinary realm of design. 
The chapter is concluded with a numerical example. 
6. 1 Bas i c 0 es i gn Eg uat ion 
The design procedure is based on the as~~mption that the total ultimate 
shear on a beam can be assigned to the concrete and the vertical stirrups in ac-
cordance with the following equation 
v = V + rf bd 
u c y ( 16) 
The form of Eq. 16 does not reflect faithfully the mechanism of the action of web 
reinforcement as described in Chapter 5. However, it is shown in the same chapter 
that the use of this equation in design is conservative and a more elaborate form 
would not be justified in view of the small increase in hypothet~cal accuracy versus 
the large increase in effort involved in application. 
The terms involved in Eq. 16 are discussed in the following sections. 
6.2 Ultimate Shear, V 
u 
I dea1ly, web reinforcement should always be des!gned to ensure that a 
given member wi 11 fai 1 in flexure for a given type of loading since flexural 
fa i 1 u res are 9 en era 1 1 y mo red u c til e t han fa j 1 u res ins he a r . Fur the rm 0 r e , at the co s t 
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of adding a small amount of web reinforcement the strength of relatively larger 
amounts of longitudinal reinforcement, which would otherwise have been wasted 1 can 
be ut i 1 i zed ~ 
Accordingly, Vought to be taken as the maximum shear corresponding to 
u 
the loading which produces a flexural fa! lure. Prestressed concrete members, however, 
may have a factor of safety against flexural fai lure larger than the actual desIgn 
requirement because the section properties are governed by limitations pertaining 
to serviceability criteria rather than to safety. If the ductility of such a member 
is unimportant, it may suffice to ensure that the shear capacity of the member 
satisfies the factor of safety given in the design specification provided it is fully 
un d e r s t 00 d t hat fa i 1 u r e wi lIb e Ins he a r . 
6.3 The Shear Assigned To Concrete, V 
c 
The form of Eq. 16 "Implies that part of the shear is resisted by the concrete 
and the rest by the web reinforcement. This is not correct. !n fact, all the shear 
is resisted by the concrete as would be lnd!cated by any free body diagram bounded 
by a section perpendicular to the axis of a beam with vertical stirrups. 
A correct interpretation of the action of web reinforcement is that the 
web re~nforcement enhances the shear capacity of the concrete sectIon. Thas effect 
is analogous to that of transverse reinforcement in a "spiraP' column. The spiral 
reinforcement contributes indirectly to the strength of the column by confining the 
concrete and thus increasing its compressive strength. Simi larly~ web reinforcement 
in a beam contributes to shear strength ultimately by restraining the inc~ined cracks 
and thus alleviating strain concentrations in the concrete at the top of such cracks. 
Up to inclined cracking, the web reinforcement is inert and unnecessary. 
Above inclined cracking, the web reinforcement is active and essential. Consequently, 
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the amount of web reinforcement requi red to develop the fle~ural capacity is related 
to the shear beyond inclined cracking. Furthermore~ the shear at inclined cracking 
can safely be considered as the useful shear capacity of a~beam without web reinforce-
ment. This quantity is, therefore, important in all calculations relating to shear 
in reinforced concrete beams. 
Depending on the section properties and the loading cond~tions, the in-
c1ined crack may develop either as a shear crack originat!ng in the web whi 1e the 
adjacent portion of the tension flange is sti 11 uncracked or as a flexure-shear 
crack initiated by a flexure crack at some critical section. The inclnned cracking 
shear V entering into Eq. 16 is the smalier of the shears V and V + corresponding 
c . cs c ~ 
to a shear crack and a flexure-shear crack, respectively. 
6.4 The Shear Crack, V 
cs 
A shear crack is assumed to occur when the principal tensi le stress in the 
web exceeds the tensi le strength of the concrete. For a noncomposite section symmetri-
cal about an axis in the plane of the load and with the centroida1 axis in the web, 
the total shear at inclined cracking can be found from Eq. 7: 
in a composite section consisting of a cast-in-place s]ab on top of a 
precast and prestressed beam, the prestress and the dead load is resisted only by 
the precast section. With the centroid in the web, the total shear at inclined 
cracking becomes (Eq. 8): 
V 
cs 
where 0" 
X 
F 
se 
A 
c 
Fse e y MD Y 
+--I 
If the centroid of a section is in the flange, the max!mum principal 
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tensi le stress wi 11 not occur at the centroid but at the junction between the f1ange 
and the web. The normal stress at such a point varies along the span since it de-
pends on the external moment. The maximum principal tensi le stress is usually found 
at the intersection between the web and the flange at a distance from the load point 
in direction of decreasing moment equal to the distance fbom the top of the total 
section to the top of the web. Equating the principal tens! le stress at this point 
to the tensi le strength of the concrete gives the following equations for the 
shear V at inclined cracking. 
cs 
0" + 0" I 0" - 0" I ., ') X Y 
+0 
L 
+ ( X ): ) ~ f t (Je '!' = 2 2 (3) 
F F M (V V \ M PV v - Yt se se -, ""D I ,- cs D) V (J +-- + 
x A i I ~t c 
(4) 
rr ~o~mal stress perpendicular to the longltud~nal axijs (positjve as y 
u f I 
v 
tens ion) 
\j Q (V - V )Q D cs D t 
T = -- + lb' ! b I (5) 
t 
;ati~ of appiied moment to shear at pOint considered. 
In the case of a shear crack, the effect of draped reinforcement can be 
taken into account by adding the vertical component of the prestressing force and 
V found from Eqs. 3 through 8 to give the total shear at inclined cracking. 
cs 
The tensi le strength of concrete can be taken as 
f = 5.Jf I 
t c 
): 
in all calculations pertaining to a shear crack. 
6.5 The Flexure-Shear Crack, V
cf 
The total shear at flexure-shear cracking is given by Eq. ll~ 
MI 
cr 
M d 
V 2 
+V +b'd.Jf l o C 
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(2) 
( 11) 
The first two terms on the right hand side of this equation express the total shear 
at which a flexure crack is initiated in the shear span at a distance from the point 
considered equal to half the depth of the beam. The last term derives from test 
results. I t was obtained from a study of the addi--tional shear which was observed 
before a flexure-shear crack developed following the initiating crack. 
Draping of the reinforcement decreases the cracking moment MI and reduces 
cr 
the effective depth d of the beam. Consequently, the shear strength of a beam with 
draped reinforcement is less than for a simi lar beam with straight tendons provided 
that the inclined crack develops as a flexure-shear crack. 
! n calculations of the crackijng moment, the modulus of rupture of concrete 
can be taken as 
f 
r 
6 .[f I 
C 
6.6 Contribution of Web Reinforcement, rf bd y 
The term rf bd in Eq. 16 may be interpreted as the additional shear which 
y 
can be resisted by the concrete as a result of the action of the web reinforcement. 
The web reinforcement ratio r is determined on the basis of the width of the flange 
and f is the yield stress of the stirrup steel (see also Section 6.9). 
Y 
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As shown in Chapter 5, Eq. 16 is a lower bound to the strength or beams 
fai ling in shear. However, a design procedure must take into account not only 
strength but also ducti lity. As discussed in Chapter 5, bath these requirements 
seem to be satisfied if Eq. 16 is used to determine the amount of web reinforcement 
required to develop the flexural strength of the member. 
6.7 Spacing, Distribution, and Orientation of Web Relnforcement 
The effect of a stirrup stems from its abi lity to restrain the opening of 
an inclined crack. The restraint is most effective when the !nclined crack crosses 
the stirrup close to the longitudinal re~nforcement. Consequently, the spacing 
between stirrups should not exceed half the effective depth of the beam. 
Usually, Eq. 16 requires different amounts of web reinforcement at 
different locations along the span. Wherever it i~ economically feasible to do so, 
the spacing or the diameter of the stirrups may be changed according to Eq. 16. 
In the determination of the requ~red amount of web reinforcement at a 
section it is implied that an inclined crack may form and extend a distance beyond 
the section c8nsidered equal to at least half the effective depth of the beam. The 
amount of web reinforcement required at the section conslcered should therefore be 
extended the same distance beyond that section. 
Close to 3 support, part of the shear force IS transferred directlY to the 
support. Between the face of the support and a section a distance d away, this 
effect may be uti lized by using the same amount of web reinforcement in the whole 
region as is required a distance d from the support. 
Inclined stirrups may be used as web reinforcement. Test results given in 
this report are hardly conclusive with respect to the efficiency of inclined stirrups~ 
They indicate, however, that compared on the basis of volume of stirrup steel., the 
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efficiency of the web reinforcement is nearly the same for stirrups with inclination 
of 45 and 90 degrees. 
6.8 Manner of Load Application 
All the beams tested in this investigation were loaded with concentrated 
loads applied on the top of the beam. A number of these beams were subjected to a 
simulated moving load, whi le the remaining beams were loaded with stationary loads. 
In either case the strength could be predicted reasonably well by Eqs. 1 through 16. 
Therefore, the application of these expressions seems realistic for any load condi-
tion, provided that the load is applied on the top of the beam. 
Qnly limited information Ii avai lable on the shear strength of members 
loaded indirectly, e.g., beams framing into another beam. It is recommended to pro-
vide enough transverse reinforcement at the load p6int that the total load applied 
can be transferred to the compression zone through the reinforcement. The remaining 
part of the beam may be treated as if the load was applied at the top of the beam. 
6.9 Properties of Web Reinforcement 
The primary effect of an inclined crack is a concentration of strains in 
the concrete at the top of the crack. As long as the opening of the inclined crack 
is smal 1~ the strain concentration is small and unimportant. In order for the web 
reinforcement to restrain the opening of the crack, a stress must be developed in 
the stirrups. This in turn results in an elongation of the stirrup and an opening 
of the inclined crack. Consequently, the opening of the inclined crack, which must 
be tolerated in order to develop the yield stress in the stirrups, increases with 
increasing yield stress. The maximum stress in the stirrups that can be uti lized 
thus depends on how large the opening of the inclined crack can be before the strain 
concentration in the concrete results in a noticeable reduction in strength or 
ductility. 
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Test results discussed in Chapter 5 indicate that the effect of an inclined 
crack is negl igible as long as the opening of the crack results in an average strain 
over the height of the stirrup less than 0,0015. This indicates that the yield 
stress of intermediate grade steel can be definitelY uti lized. It is also likely 
that higher strength steels can be used. In fact~ steel with a yield stress of 
about 80 ksi was used successfully as web reinforcement in some of the tests des-
cribed in this report. 
l,n all the tests described in this report, stirrups made of plain bars 
were used. The rather poor bond characteristics of these stirrups resulted in an 
almost uniform strain along the entire length of the stirrup at the time when an 
average strain of 0.0015 was reached. The stirrup force restraining the opening 
of the inclined crack could, therefore, be determined from the average strain. This 
may not be the case if deformed bars are used as web reinforcement. The better bond 
characteristics of these bars may result in strain peaks in the stirrups and thus a 
smaller elongation of the stirrup at a certain stirrup force. On the other hand, 
the improved bond results in a larger number of inclined cracks with a smaller width, 
which tends to even out strain peaks along the stirrup, When the opening of inclined 
cracks is distributed between a larger number of cracks, the strain concentration in 
the concrete wi 11 be reduced and distributed over a larger length. Consequently~ the 
effect of a certain average strain along the stirrup on the concentration of strains 
in the concrete compression zone becomes less sever~ as the bond characteristics of 
the stirrup steel is improved. Thus, a higher maximum steel stress can be utilized 
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if deformed rather than plain bars are used as web reinforcement. The same considera-
tions imply that no stirrup is efficient unless it is adequately anchored. 
6.10 Prestressed Stirrups 
The stress condition leading to the formation of a shear crack is described 
by Eq. 3, which shows that the presence of a compressive stress perpendicular to the 
longitudinal axis of the beam wi 11 increase the shear corresponding to shear cracking. 
The shear at flexure-shear cracking, however, is not directly affected by the vertical 
prestress. The influence of prestress in the stirrups on the inclined cracking load 
thus depends on the properties of the beam. 
After the inclined crack has developed, the strain in the stirrups must 
increase before shear fai lure can occur. The magnitude of the increase is essential-
ly independent of the level of prestress in the str"rrups. The possible stirrup stress 
increase after inclined cracking thus decreases as the prestress is increased and, 
consequently, the load carried after inclined cracking decreases. The contribution 
of the web reinforcement to shear capacity in a beam developing flexure-shear cracks 
may decrease by as much as the ratio of the prestress to the yield stress. The effect 
of prestress on the ultimate load of a beam developing a shear crack depends on the 
relative magnitude of the increase in inclined cracking load and the decreased effect 
of the stirrups. 
If the steel used as stirrups has a yield stress too high to be developed 
without prestressing, prestressing wi 11 make it possible to use the steel more 
efficiently. 
6.11 Minimum Amount of Web Reinforcement 
According to a st"rict application of the design procedure outlined in this 
chapter, there is no justification for a requirement of a minimum amount of web 
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reinforcement in a prestressed concrete beam. Such requirements, however, are contained 
in most design specifications and it is therefore pertinent to consider the back-
ground and the implications of these req~irements. 
A common motivation for the minimum requirement seems to be that the tensi le 
strength of concrete may be reduced because of imperfections in the erection of a 
structure or for other simi lar reasons. This would decrease the inclined cracking 
load and make web reinforcement necessary. The amount needed to replace part of the 
concrete strength may be expressed as 
( 1 7) 
wh ere K 1 ,i 's a mea sur e 0 f the red u c t i on i nth e ten s i 1 est r eng tho f the con c ret e . Sin c e 
Eq. 17 requires a larger number of stirrups in a rectangular beam than in an I-beam, 
it is not reasonable since imperfections are less likely in rectangular beams. 
Furthermore,~the inclined cracking load is used in the design procedure only as a 
convenient and conservative measure of the ultimate load for a beam without web 
reinforcement. A decrease in the tensi le strength of the concrete because of im-
per f e c t ion sma y h a v e neg 1 i g i b 1 e i n flu en c e on t his cap a c j t y . Fin ally, its e em sun -
reasonable that Eq. 17 requires the same minimum amount of web reinforcement for 
two beams with the same overall dimensions but with different amounts of longitudinal 
reinforcement. 
This objection was the starting point for another proposal according to 
which the required minimum amount of web reinforcement is related to the amount of 
longitudinal reinforcement in the following manner: 
rf bd > 
Y 
A flff. S s d 
K b ' 2 
( 18) 
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This formula requires an increase in mJnimum amount of web reinforcement as the web 
thickness is decreased. 
6.12 Maximum Amount of Web Reinforcement _i: 
In beams with very small web thickness, it is possible that the compressive 
stress in the web can exceed the conpressive strength of the concrete. Thus~ fai lure 
may occur before the full effect of the web reinforcement has been developed and 
before the strain concentrations in the concrete at the top of the inclined crack 
becone serious. The conpressive stress in the web is related to the shear. Con-
sequently, the web-crushing fai lure could be avoided through a limitation of the 
nomina! shear stress at ultimate. However, none of the beams described in this 
report showed any sign of web crushing although nominal shear stresses as high as 
15 Jf' were observed in several cases. Thus, the f~st. results do not provide the 
c 
basis for limiting the nominal shear stress nor do they demonstrate any great need 
for such a limitation. 
6.13 Numerical Example 
In order to illustrate the application of the design principles described 
In this chapter, the web reinforcement requirements for an AASHO Type III composite 
girder (Fig. 38) wi 11 be determined. The basic data are assumed as follows. 
Prestressed 9i rder alone: 
125,000 in4 
A 5 r 0 . 2 o I n 
c 
c = 20.3 In 
Q 3440; n 3 
w 583 lb/ft 
A 
s 
F 
se 
e 
f' 
s 
f' 
c 
3.7 in 2 
515,000 lb 
12.0 In 
265,000 ps i 
5000 psi 
Compos i te gi rder: 
4~'-
" 
It 282,000 in d 41.7 in 
30.6 in Qt 7380 in 
3 
ct 
:. 
wt 
1020 1b/ft f' 3000 ps i 
c 
Span: L 70 ft (simple supports) 
Loading: AASHO standard truck H20-S16-44 
(a) Maximum Shear Diagram 
The flexural strength of the composite girder may be found from AASHO 
Bridge Speci fications (8), Section 1.13.10 
A 
s 3.7 
. p = bd 72 x 41.7 = 0.00123 
pf'/f' 
s c 
f 
su 
M 
fl 
0.00123 x 265,000/3,000 = 0.109 
= f I (1-0.5pf'/f') = 265,000(1-0.5 
s s c 
= A f d(1-0.6 pf /f') 
s su su c 
3.7 x 251 x 41.7(1-0.6 x 0.00123 
36,300 k - in. = 3030 k - ft 
x O. 109) 
x 251/3) 
The dead load moment at midspan is 
M = w L2/8 = 1.02 x 70 2/8 D t 630 k - ft 
(Note: No load factor) 
The moment avai lable to resist live load is then 
M M - M = 3030 - 630 = 2400 k - ft 
net I-L D 
251,000 psi 
-.': Slab concrete "transformed" on the assumption that E 1 b/ E . d 0.85 
s a 91r er 
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AASHO Bridge Specifications give maximum moment corresponding to a system 
of loads 8 - 32 - 32 kips as 985.6 k - ft (p. 273). Load factor corresponding to 
flexural fai lure is then 2400/985.6 = 2.45 which gives the;'-ultimate wheel loads as 
19.6 - 78.4 - 78.4 kips. 
Maximum shear occurs under trai ling wheel. The extreme conditions are: 
(a) Trai ling wheel placed at midspan 
(b) Trai ling wheel placed adjacent to support (with the other wheels on 
the span) 
Condition (a) gives the ultimate shear at midspan: 
v = (78.4 x 35 + 78.4 x 21 + 19.6 x 7)/70 
u 
Condition (b) gives the shear at the support: 
v = (78. 4 x 7 ° + 78. 4 x 56 + 19. 6 x 42)'; 7 ° 
u 
64.7 kips 
152.9 kips 
Between these points, the maximum shear varies linearly along the span. The maximum 
shear is shown in Fig. 39. 
(b) Evaluation of V 
cs 
The normal stress at the centroid of the composite section caused by the 
prest ress is: 
F 
se 
U =--
A 
c 
515,000 
560 
F e(c - c ) 
se t 
515,000 x 12.0 x 10.3 
125,000 413 psi 
The normal stress caused by the dead load varies along the span: 
-5 
uD = MO (c - ct)/1 = MD x 8.23 x 10 
Shear and moment from dead load: 
v = L (1 _ 2x ) 
D wt 2 L 
1 M = w - (L - x) x D t 8 
where x is distance from support. 
found from Eq. 2: 
5 .ff I = 353 psi 
c 
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The tensi le strength of concrete f t is 
The evaluation of Eq. 8 at different points along the span is given in the following 
table: 
Distance 
from o"x =O"D +413 ftJl+ ;x Q V - V O"D V D Tb""' cs D 
support ·t 
ft psi ps i ps i ps i kips 
2.5 85 498 548 131 112 
5.0 164 577 573 120 121 
7.5 236 649 595 110 130 
10.0 302 715 615 100 138 
(c) Evaluation of Vcf 
The cracking moment avai 1able to resist live load is: 
M 1 f I Ic 
c r net t t 
f modulus of rupture of concrete (6.ff' = 423 psi) 
net c 
+ compressive stress caused by prestress 
- tensi 1e stress caused by dead load. 
The compressive stress caused by prestress: 
F F ec 
se 
+ 
se 
0- =--
A 
c 
515,000 515,000 x 12.0 x 20.3 
560 + 125,000 
The tensi 1e stress caused by dead load: 
a = MD cll (Note: precast sect i on on 1y) 
-4 
= MD xl. 62 x 10 
80 
1920 psi 
The evaluation of Eq. 11 at different points along the span is given in the following 
table: 
Distance Dead load f M' M d M' V cf - V D 
from 'st ress net cr V 2 cr M d 
support V - 2: 
ft ps i psi k-ft ft kips kips 
5 321 2022 1560 3.26 479 
10 593 1750 1350 8.26 163 175 
15 815 1528 1180 13.26 89 101 
20 988 1355 1040 18.26 57 69.4 
25 1110 1233 944 23.26 40.6 53.0 
30 1185 1158 893 28.26 31.6 44.0 
35 1210 1133 873 33.26 26.2 38.6 
(d) Selection of Web Rei nforcement 
The variation of the maximum shear and the capacity of the beam without 
st i rrups ( the lesser of V and V f) are shown in Fi g. 39. Close to midspan, the 
cs c 
largest difference between the maximum shear and Vcf is 37 kips and close to the 
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support V - V = 39 kips. The web reinforcement must be designed to resist the 
u cs 
difference. If No.4 bars with a yield stress of 40,000 psi' are to be used with a 
constant spacing throughout the span, the required web reinforcement percentage may 
be found from Eq. 16: 
V - V 
u cf 37 0.00139 r = bdfy 16 x 41.7 x 40 
The spacing between single leg stirrups is then: 
A 
v 
s =-br 
0.196 
16 x 0.00139 = 9 in. 
The minimum amount of web reinforcement required by 
,AASHO: 
ACI (9): 
A > 0.0025b 1 s = 0.0025 x 7 x 9 = 0.16 in 2 
v-
3.7 x 265 x9 J41. 7 
80 x 40 x 41.7 7 
0.16 i n2 
I Outl ine of Investigation 7· 
7. SUMMARY 
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The objective of this report is to present the ir(formation on shear strength 
of prestressed concrete beams with web reinforcement, obtained during the second phase 
of an investigation of prestressed reinforced concrete for highway bridges which has 
been in progress since 1952. 
A total of 129 tests on simply supported beams are reported. The overall 
cross-sectional dimensions were 6 by 12 in. Five beams were rectangular while 114 
were I-beams with 1 3/4-in. or 3-in. web thickness. The remaining ten beams had a 
2- by 24-in.' compos ite slab. The beams were prestressed with 0.0467 to 0.713 percent 
longitudinal reinforcement which was straight in 110 beams and draped under the load 
points in the remaining beams. The concrete strengths' ranged from 2500 to 7600 psi 
and the prestress from 0 to 127 ksi. Vertical or incl ined stirrups, with or without 
prestress were used. The web reinforcement ratio, based on the flange width, ranged 
from 0 to 0.67 percent. The stirrup spacing varied from 7/8 in. to 1 0 I /2 in. All 
beams were tested under one or two concentrated l03ds with shear spaces varying from 
28 to 78 in. Seven beams were subjected to a single load appl ied successively at 
eleven points along the span to simulate a moving load. 
7.2 Behavior of Test Beams 
Of the 129 beams tested, 54 failed in flexure, 60 failed in shear and 13 
failures were characterized as transition failures. Finally, two beams with draped 
wires developed secondary anchorage bond failures. 
For beams without web reinforcement it was found that the formation of an 
incl ined crack changed the behavior of the beam drastically. For beams with web 
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reinforcement, this change was much more gradual and appeared·. to be related to yielding 
in the stirrups rather than to the formation of the incl ined crack. 
;,-
Depending on the amount of web reinforcement, failure occurred either in 
flexure by crushing of the concrete or fracture of the steel or in shear. Shear 
failures were classified into two categories: shear-compression, and web distress. 
Shear-compression failures were similar to flexural compressive failures, except that 
the concrete crushed at the upper end of the incl ined crack where there was a high 
strain concentration caused by the incl ined crack. This mode of failure was observed 
in both rectangular and I-beams. The term web-distress covers a variety of failures 
which might be different in appearance al though all of them were caused by instabil ity 
of the arch-l ike structure to which the beam was transformed by the incl ined crack. 
These failures were observed In beams with thin webs and smal I amounts of web 
re info rcemen t • 
7.3 Analysis of Test Resul ts 
The inc1 ined cracking load was analyzed by dividing incl ined cracks into two 
categor i es: shear cracks and flexure-shear cracks. The load corresponding to the 
shear crack, an incl ined crack forming in a previously uncracked portion of the beam, 
could be determined by calculating the principal tensile stress in the web on the 
basis of an uncracked section. The load corresponding to the formation of a flexure-
shear crack, an incl ined crack initiated by flexural cracking, was found to be closely 
related to the flexural cracking moment. 
The test resul ts were compared with the predictions of Eq. 16 
v 
u 
v + rf bd 
c y 
(16) 
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Where V is the ultimate shear, V is the computed incl ined ~racking load, and the 
u c 
last term represents the contribution of vertical stirrups. This equation does not 
reflect the true action of web reinforcement. The compute6 capacities may be very 
conservative, especially in beams with small amounts of web reinforcement. It was 
concluded, however, that Eq. 16 can be used to determine the amount of web rein-
forcement necessary to insure a flexural failure. 
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FIG.8 CRACK DEVELOPMENT IN PRESTRESSED BEAM 
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FIG. 9 CRACK PATTERN AND ITS EFFECT ON THE DISTRIBUTION OF 
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TABLE 1 
PROPERTIES OF BEAMS 
Mark Concrete Flange Web Effective Rei nforcement Reinforcement Rei nforcement Effect i ve Steel Area Drape angle, Shear span 
Strength f~ width b thickness depth d, Area A , in2 ratio p, % Lot prestress draped % t'p, degree a, in. s 
psi a) in. b'. in. in. f se' ksi 
AD. 14.37 2700 6.00 10.15 0.242 0.398 11 106 100 6.45 36 
AW. 14.39 5470 6.00 8.53 0.362 0.708 8 120 36 
AW. 14.76 2765 6.00 8.48 0.362 0.712 8 118 36 
AW. 24.48 4900 6.00 8.48 0.362 0.712 8 58 36 
AW. 24.68 2510 5.95 8.54 0.362 0.713 8 62 36 
B. 10.23 5205 6.00 3.00 10.04 0.242 0.405 12 127.4 ML 
B. 10.24 3720 6.04 3.03 10.09 0.181 0.300 12 126.8 ML 
B. 14.34 3090 6.05 3.10 10.30 0.181 0.290 12 115 36 
B. 14.41 3000 6.05 3.00 10.00 0.242 0.399 12 114 36 
B. 23.17 6780 6.06 3.06 10.62 0.285 0.442 17 0.0 30 
B. 25.18 6780 6.06 3.00 10.62 0.285 0.442 17 0.0 45 
BD. 14.18 6390 5.95 2.86 10.11 0.237 0.386 13 123 50 2.68 36 
BD. 14.19 6720 5.95 2.90 10.20 0.242 0.398 12 112 100 5.00 36 
BD. 14.23 4210 6.00 3.00 10.10 0.181 0.300 11 99 100 9.13 36 
BD. 14.26 3160 6.00 3.00 10.10 0.181 0.298 11 116 100 9.95 36 
BD. 14.27 3850 6.00 3.00 10.10 0.181 0.298 11 111 100 2.22 36 
80. 14.28 4230 6.00 3.00 10.10 0.181 0.300 11 118 100 \. 53 36 
BD. 14.34 2720 6.05 3.00 10.22 0.181 0.293 11 110 66.7 2.28 36 
BD. 14.35 2610 6.05 2.95 10.10 0.181 0.297 II 108 100 6.28 36 
BD. 14.42 2980 6.00 2.90 10.10 0.242 0.400 11 107 100 2.38 36 
BD. 24.32 3090 6.05 3.00 10.10 0.242 0.395 11 81 100 6.45 36 
8V. 14.30 4200 5.95 2.95 10.10 0.242 0.403 11 123 50 3~23 36 
BV. 14.32 4210 5.90 2.85 10.13 0.242 0.403 12 112 50 3.23 36 
8V. 14.34 3800 5.95 3.00 10.15 0.242 0.400 12 124 50 2.68 36 
8V. 14.35 3340 5.95 2.92 10.20 0.242 0.398 12 115 100 5.36 36 
BV. 14.42 3090 6.00 2.88 10.15 0.237 0.387 13 120 100 6.80 36 
81,.,1. 10.22 4150 6.05 3.05 10.19 0.181 0.295 12 123 ML 
BW. 14.20 2840 6.00 2.95 10.47 0.121 0.192 10 126.8 36 
81,.,1. 14.22 5520 6.00 3.00 10.10 0.242 0.399 11 119.7 36 
81,.,1. 14.23 5360 5.90 3.02 9.97 0.242 0.410 12 119.1 36 N (J1 
BW. 14.26 3470 6.00 2.86 10.11 0.183 0.302 14 12\.0 36 
BW. 14.31 3190 6.00 3.00 10.02 0.242 0.402 11 116.8 36 
BW. 14.32 2840 5.88 2.86 10.21 0.177 0.294 13 123.1 36 
81,.,1. 14.34 3450 5.90 2.90 10.10 0.237 0.390 13 122.6 36 
81,.,1. 14.38 2890 2.95 2.95 10.11 0.242 0.398 10 120.0 36 
TABLE 1 (Cont i nued) 
PROPERTI ES OF BEAMS 
Mark Concrete Flange Web Effective Rei nforcement Rei nforcement Reinforcement Effect i ve Steel Area Drape angle. Shear span 
Strength fl width b thickness depth d, Area A , . 2 ratio P. % Lot prestress draped % qJ. degree a. in. In c s ps i a) in. b I, in. in. f , ks i 
se 
BW. 14.39 3120 5.95 2.90 10.11 0.242 0.401 10 120.0 36 
BW. 14.41 3050 6.00 2.95 10.15 0.242 0.397 10 121.8 36 
BW. 14.42 2870 5.98 2.96 10.14 0.242 0.398 10 121.0 36 
BW. 14.43 2910 6.00 2.95 10.12 0.242 0.397 10 120.3 36 
BW. 14.45 3100 6.00 3.00 10 .03 0.242 0.402 11 120.4 36 
BW. 14.58 3390 6.00 2.91 9.97 0.366 0.611 14 109.4 36 
BW. 14.60 2730 6.04 2.89 9.98 0.366 0.608 14 109.8 36 
BW. 15.34 3620 6.00 3.00 10.15 0.242 0.397 11 122.4 48 
BW. 15.37 3300 6.00 3.00 10.12 0.242 0.398 11 122.5 48 
BW. 16.38 3800 6.00 3.00 10.05 0.242 0.401 11 122.0 54 
BW. 18.15 7265 6.06 3.00 10.04 0.237 0.378 13 105.6 70 BW. 18.27 4655 6.03 3.00 10.15 0.242 0.397 12 122.1 70 BW. 19.28 4420 6.15 3.15 10.15 0.242 0.386 12 120.0 78 BW. 23.18 6290 6.06 3.00 10.62 0.285 0.442 17 0.0 30 BW. 23.19 6660 6.06 3.12 10.62 0.285 0.442 17 0.0 30 BW. 23.20 6500 6.06 3.06 10.62 0.285 0.442 17 0.0 30 BW. 23.21 6810 6.06 3.06 10.62 0.285 0.442 17 0.0 30 BW. 23.22 6850 6.06 3.06 10.62 0.285 0.442 17 0.0 30 BW. 23.23 6730 6.06 3.06 10.62 0.285 0.442 17 0.0 30 BW. 23.24 6450 6.06 3.06 10.69 0.285 0.440 17 0.0 30 BW. 23.25 6780 6.06 3.00 10.55 0.285 0.445 17 86.2 30 BW. 25.19 7030 6.06 3.06 10.69 0.285 0.440 17 0.0 45 BW. 25.20 6180 6.06 3.06 10.62 0.285 0.442 17 0.0 45 BW. 25.21 6960 6.06 3.12 10.62 0.285 0.442 17 0.0 45 BW. 25.22 6790 6.06 3.06 10.62 0.285 0.442 17 0.0 45 BW. 25.23 6690 6.06 3.06 10.62 0.285 0.442 17 0.0 45 BW. 25.24 6540 6.06 3.12 10.56 0.285 0.445 17 83.0 
- .. 45 BW. 26.21 6730 6.00 2.91 10.56 0.285 0.450 17 85.5 60 BW. 28.26 3200 5.95 3.05 10.20 0.177 0.292 13 59.6 70 BW. 28.28 3365 5.88 2.95 10.18 0.177 0.296 13 64.1 70 
BW. 29.21 6930 6.00 3.03 10.50 0.285 0.452 17 84.2 75 
C. 10.27 3300 5.95 1. 68 10.21 0.181 0.302 12 123.0 ML C. 10.28 4250 6.00 1.88 10.06 0.242 0.400 12 113.0 ML N C. 13.23 3460 6.05 1. 79 10.38 0.181 0.288 12 118.9 27 m 
CD. 13.24 3850 5.92 1.77 10.56 0.181 0.290 12 124.5 100 3.40 27 CD. 13.25 3020 6.07 1. 82 10.46 0.181 0.286 12 118.2 66.7 2.96 27 CD. 14.34 2660 6.00 1. 75 10.22 0.181 0.296 11 105.0 66.7 2.28 36 
CI. 14.34 3880 6.00 \. 75 10.63 0.285 0.447 16 119.1 36 CI . 14.36 2670 6.00 1. 75 10.62 0.214 0.336 16 119.8 36 CI. 24.39 2840 6.00 1.82 10.11 0.285 0.470 14 89.4 36 
CWo 10.26 4160 5.90 I. 73 10.00 0.242 0.410 12 119.8 ML 
-'-ABlE 1 (Calli: i Ilueci) 
PROPERTI ES OF BEAMS 
Mark Concrete Flange Web Effective Reinforcement Rei nforcement Re in forcemen t Effect i ve Steel Area Drape angle, Shear span 
Strength f~ width b thickness depth d, Area A • in 2 ratio p, % Lot prestress draped % <p degree a, in 5 
ps i in b I, in. in fse' ksi 
CWo 10.27 4235 6.00 1.72 9.96 0.242 0.405 12 119.1 ML 
CWo 13.28 3860 6.00 l. 75 10.03 0.242 0.402 11 118.5 28 
CWo 13.38 3290 6.00 l. 80 10.03 0.242 0.402 II 119.0 28 
CWo 14.14 6730 5.92 1.72 10.05 0.242 0.405 12 111.5 36 
CWo 14.15 2750 6.00 \. 70 10.50 0.121 0.192 10 125.5 36 
CWo 14.16 3170 6.00 \. 75 10.47 0.121 0.193 11 127.3 36 
CWo 14.17 2870 6.00 \. 76 10.49 0.121 0.192 10 125.9 36 
CWo 14.18 2950 6.00 1. 70 10.50 0.121 0.192 10 125.5 36 
CWo 14.19 2875 6.00 \. 78 10.48 0.121 0.192 10 125.9 36 
CWo 14.20 2950 6.00 1. 70 10.49 0.121 0.192 10 127.1 36 
CWo 14.21 2580 6.00 \. 70 10.52 0.121 0.191 10 125.7 36 
CWo 14.22 4660 5.95 1. 71 10.41 0.242 0.400 10 121.6 36 
CWo 14.23 2800 6.00 1.75 10.48 0.121 0.192 10 125.8 36 
CWo 14.24 2900 6.05 1. 75 10.47 0.121 0.191 10 125.5 36 
CWo 14.25 5420 6.00 1. 80 10.15 0.242 0.397 11 121.2 36 
CWo 14.26 2415 6.00 1. 70 10.50 0.121 0.192 10 126.1 36 
CWo 14.27 2760 6.00 1. 73 10.58 0.142 0.224 16 120.0 36 
CWo 14.34 3950 6.10 1.77 10.60 0.285 0.443 16 116.6 36 
CWo 14.35 3260 6.05 1. 75 10.06 0.242 0.398 11 118.5 36 
CWo 14.36 3280 6.00 1. 86 10.11 0.242 0.399 10 112.5 36 
CWo 14.37 4460 5.95 1. 70 10.11 0.242 0.401 10 120.8 36 CWo 14.38 3050 6.00 1.77 10.70 0.214 0.333 16 115.5 36 
CWo 14.39 3360 6.00 1. 75 10.21 0.242 0.397 10 119.8 36 
CWo 14.40 3040 6.00 1. 75 10.14 0.242 0.397 11 120.2 36 
CWo 14.41 3440 5.95 1. 75 10.61 0.285 0.451 16 118.2 36 
CWo 14.42 3180 5.95 1. 70 10.10 0.242 0.402 10 116.5 
- -" 36 CWo 14.45 3160 6.00 1. 65 10.13 0.242 0.397 10 119.2 36 
CWo 14.47 2635 6.00 1. 70 10.14 0.242 0.396 10 118.8 36 
CWo 14.50 2450 6.00 1. 75 10.15 0.242 0.397 10 121.5 36 
CWo 14.51 3505 6.03 1.80 9.92 0.355 0.593 13 115.9 36 
CWo 14.54 3500 6.00 1.78 9.96 0.355 0.595 13 107.4 36 
CWo 18.15 7620 6.08 1.73 10.10 0.232 0.374 13 126.4 70 
CWo 24.37 3400 5.90 1. 75 10.06 0.244 0.412 14 84.8 36 
CWo 28.26 3900 6.00 1. 78 10.09 0.177 0.291 13 63.7 70 ~ CWo 28.28 3170 6.00 1. 84 10.18 0.177 0.290 13 66.0 70 
" 
CU. 14.29 3630 6.00 1. 78 10.65 0.214 0.335 16 121.2 36 
CU. 14.31 3100 6.05 1.77 10.65 0.214 0.332 16 121.4 36 
CU. 14.32 3650 5.99 \. 75 10.63 0.214 0.336 16 119.7 36 
CU. 14.33 3150 6.02 1.80 10.62 0.214 0.335 16 121.6 36 
CU. 14.35 4000 6.02 1. 76 10.64 0.285 0.445 16 119.9 36 CU. 14.37 3640 6.00 1. 75 10.63 0.285 0.447 16 111.0 36 CU. 14.38 3670 5.96 1. 79 10.68 0.285 0.447 16 114.0 36 CU. 14.39 3490 6.00 1. 82 10.63 0.285 0.447 16 117.5 36 
Mark Concrete Flange Web Effective 
Strength f~ width b thickness depth d, 
ps i in b I, in. in 
FV. 14.063 3450 6.05 1. 80 12.81 
FV. 14.064 3710 6.00 1.77 12.93 
FV. 14.065 3730 5.98 1. 75 12.76 
FV. 14.070 2650 5.95 1. 71 12.72 
FW. 14.036 4165 5.95 1. 75 12.72 
FW. 14.063 2790 5.95 1. 70 12.72 
FW. 14.064 3320 24.0 1. 75 12.30 
FW. 14.070 4030 24.0 1. 85 12.30 
FW. 14.089 4210 5.98 1. 71 12.56 
FW. 14.091 3380 5.97 1. 78 12.22 
a) Strength of concrete in bottom of the beam. 
TABLE I (Continued) 
PROPERTI ES OF BEAMS 
Reinforcement Reinforcement Reinforcement 
Area As' . 2 ratio p, % Lot In 
0.214 0.0696 16 
0.214 0.0689 16 
0.214 0.0698 16 
0.214 0.0703 16 
0.142 0.0467 16 
0.214 0.0701 16 
0.242 0.0820 11 
0.242 0.0820 11 
0.285 0.0945 16 
0.285 0.0970 16 
Effect i ve Steel Area 
prestress draped % 
f se' ksi 
110.1 66.7 
101.3 66.7 
121.0 66.7 
99.0 66.7 
116.0 
115.2 
117.8 
123.0 
115.0 
121. 3 
Drape angle, Shear span 
QJ, degree a, in 
2 36 
4 36 
2 36 
6 36 
36 
36 
36 
36 
36 
36 
.~; 
N 
(Xl 
TAB LE 2 
PROPERTI ES OF WEB REINFORCEMENT 
Steel Stress 
Mark a) Stirrup Sti rrup Sti rrup Web Reinf. 1% Strain 2% Strain U 1 t;i mate rf Stirrup 
type c) ratio r g) 
y 
diameter spacing f , ksi prestress , y in. in. ks i 
AW. 14039 0.250 6.5 A 0.252 53.7 55.0 73.6 135 0 
AW. 14.76 0.250 6.5 A 0.252 53.7 55.0 73.6 135 0 
AW. 24.48 0.250 6.5 A 0.252 53.7 55.0 73.6 135 0 
AW. 24.68 0.250 6.5 A 0.252 53.7 55.0 73.6 135 0 
BV. 14.30 0.161 5.0 0 0.136 36.8 39.0 45.4 50 0 
BV. 14.32 0.161 4.5 0 0.152 36.8 39.0 45.4 56 0 
BV. 14.34 0.161 4.5 0 00152 36.8 39.0 45.4 56 0 
BV. 14.35 o. 161 3.5 0 0.196 36.8 39.0 45.4 72 0 
BV. 14.42 O. 161 400 0 0.170 36.8 39.0 45.4 63 0 
BW. 10.22 0.136 Varies C1 00073b ) 37.2 38.5 49.4 27 0 
BWo 14.20 0.136 500 C 0.048 43.5/ 46.5 52.0 21 0 
BW. 14.22 0.161 5,0 0 0.136 36.8 39.0 45.4 50 0 
BW. 14.23 o. 129d ) 3.75 C' 0.074 79.5 80.0 81.0 59 0 
BW. 14.26 0.135 4.5 0 0.106 43.0 45.0 64.4 46 0 
BW. 14.31 0.193 1000 E 0.146 41.2 43.0 51.0 60 O'l< 
BW. 14.32 00161 500 C' 0.068 36.8 39.0 45.4 25 0 
BW. 14.34 0.223 10.5 0 0.125 34.0 36.5 42.1 43 0 
BW. 14.38 0.136 205 C 00097 4305 46.5 52.0 42 0 
BW. 14.39 00191 2.5 C 0.191 35,7 38.0 46.3 68 0 
BWo 14.41 0.161 5.0 0 0.136 3608 39.0 45.4 50 0 
BWo 14.42 0.161 205 C 00136 36.8 39.0 45.4 50 0 
BW. 14043 00193 5.0 0 0.195 41.2 43.0 51.0 80 0 
BW. 14.45 0.193 7.5 0 0.130 41.2 4300 51.0 53 0 
BW. 14.58 0.135 5.0 0 0.095 43.0 45.0 64.4 41 0 
BW. 14.60 00135 5.0 0 00095 43.0 45.0 64.4 41 0 N ill 
BWo 15034 00136 5.0 0 00097 3702 38.5 49.4 36 0 
BW. 15.37 0.161 500 0 0.136 36.8 39.0 45.4 50 0 
TABLE 2 (Continued) 
PROPERTIES OF WEB REINFORCEMENT 
Steel Stress 
Mark a) St i rrup Stirrup Stirr~) Web Reinf' 1% Strain 2% Strain Ultimate rf Stirrup 
diameter spacing y type rat i 0, r g f , ks i prestress 
in. in. y ks i 
BW. 16.38 0.136 5.0 D o .097 ) 37.2 38.5 49.4 36 0 
BW. 18.15S O. 129d ) Varies C1 0.069b 79.5 80.0 81.0 55 0 
L 0.129d ) Varies C' 0.03Sb) 79.5 80.0 81.0 30 0 
BW. 18.27S 0.193 5.0 D 0.195 41.2 43.0 51.0 80 0 
L 0.136 Varies C 0.080b) 37.2 38.5 49.4 30 0 
BW. 19.28S 01.193 5.0 D 0.195 41.2 43.0 51.0 80 0 
L 0.136 Vari es . C 0.072b) 37.2 38.5 49.4 27 0 
BW. 23.18 0.162 2.75 Ci 0.125 38.15 40.8 47.5 48 0 
BW. 23.19 0.162 2.75 Cil 0.125 38.6 40.8 47.5 48 0 
BW. 23.20 0.162 2.75 D 00250 38.6 40.8 47.5 96 0 
BW. 23.21 0.162 2.0 D 0.344 38.6 40.8 47.5 133 0 
BW. 23.22 C). 253 3.5 D 0.479 36.8 37.6 59.3 176 0 
BW. 23.23 0.253 3.0 D 0.559 1 36 . 8 37.6 59.3 206 0 
BW. 23.24 (). 253 2.5 D 0.670 36.8 37.6 59.3 246 0 
BW. 23.25 0.162 2.75 CC 0.125 38.6 40.8 47.5 48 0 
BW. 25.19 0.162 2.75 C~ 0.125 38.6 40.8 47.5 48 0 
BW. 25.20 0.162 2.75 D 0.250 38.6 40.8 47.5 96 0 
BW. 25.21 0.162 2.0 D 0.344 38.6 40.8 47.5 133 0.< 
BW. 25.22 0.253 3.5 D 0.479 36.8 37.6 59.3 176 0 
BW. 25.23 0.253 3.0 D 0.559 36.8 37.6 59.3 206 0 
BW. 25.24 0.162 2.75 Ci 0.125 38.6 40.8 47.5 48 0 
BW. 26.21S 0.162 2.0 Ci 0.172 38.6 40.8 47.5 66 0 
L 0.162 2.75 C1 0.125 38.6 40.8 47.5 48 0 
BW. 28.26S 0.136 Varies D b) 37.2 38.5 49.4 60 0 O. 16~b) L 0.136 Varies C 0.08 37.2 38.5 49.4 33 0 
BW. 28.28S 0.161 4.0 D 0.170 36.8 39.0 45.4 63 0 
L 0.136 5.5 D 0.088 37.2 38.5 49.4 33 0 w 0 
BW. 29.21S 0.253 3.0 D 0.559 36.8 37.6 59.3 206 0 
L O. ~62 2.75 C' 0.125 38.6 40.8 47.5 48 0 
TABLE 2 (Continued) 
PROPERTIES OF WEB REINFORCEMENT 
Steel Stress 
Marik a) Stirrup Stirrup St i rru) Web Reinf. 1% Strain 2% Strain Ultimate rf Stirrup 
diameter spacing type c ratio,r g) f II ks i y prestress 
in. in. y ks i 
CI . 14.34 0.177 2.5 De) 0.461 e ) 30.,0 32.0 45.0 138 0 
De) ) CI . 14.36 0.177 3.5 0.32ge .. 30,,0 32.0 45.0 99 0 
De) , CI . 24.39 0.135 .3.5 0.192 e : 43.,0 45.0 64.4 83 0 
CWo 10.26 0,161 4.5 D 0.151 36,8 39.0 45.4 56 0 
CWo 10.27 0.161 Varies D 0.151 b 36.8 39.0 45.4 56 0 
CWo 13.28 0.161 2,5 D 0.272 36.8 39.0 45.4 100 0 
CW, 13.38 0,193 3,0 D 0,325 41.2 43.0 51.0 134 0 
CWo 14.14 0.129d ) 2.75 c' 0,101 79.5 80,0 81.0 80 0 
CWo 14.15 0.161 2.5 D 0,272 36.8 39.0 45.4 100 0 
CWo 14.16 0.161 9.0 D 0.076 36.8 39,0 45.4 28 0 
CW, 14.17 0.136 5.0 C 0,048 43.5 46.5 52.0 21 0 
CWo 14.18 0.191 2.5 D 0.382 35.7 38.0 46.3 136 0 
CWo 14.19 0.136 2.5 C 0.097 43.5 46.5 52.0 42 0 
CWo 14.20 0.136 5.0 D 0.097 43.5 46.5 52.0 42 0 
CWo 14.21 0.161 5.0 C 0.068 36.8 39.0 45.4 4,5 0 
CWo 14.22 0.191 2<5 C O. \91 35.7 38.0 46,3 68 0···· 
CWo 14023 0.161 5.0 C 0.068 36.8 39.0 45.4 25 0 
CWo 14.24 0,193 9.0 0 0.108 41.2 43.0 51.0 45 0 
CWo 14.25 0.161 2.5 D 0.272 36.8 39.0 45,4 100 0 
CW, 14.26 0,161 2,5 C 0,136 36.8 39,0 45.4 50 0 
CWo 14,27 0.177 3.0 D 0,274 31.8 34.0 44.0 87 0 
CWo 14.34 0.177 2,5 D 0.328 31.8 34.0 44.0 104 0 
CW 14.35 0,257 7.5 D 0.230 44.5 49.0 61.6 103 0 
CWo 14.36 0.193 3.75 D 0,260 41.2 43.0 51.0 107 0 
CWo 14.37 0.161 2.5 C 0.136 36.8 39.0 45.4 50 0 w 
CWo 14.38 0.177 3.5 D 0.234 31.8 34.0 44.0 75 0 
CW, 14.39 0.136 2.5 C 0.097 43.5 46.5 52.0 42 0 
TABLE 2 (Continued) 
PROPERTIES OF WEB REINFORCEMENT 
Stee 1 St ress 
Mark a) Stirrup Stirrup Stirru) Web Reinf. 1% Strain 2% Strain Ultimate rf Stirrup 
diilnlctcr spacing type c ratio,rg) y f , ks i prestress 
in. in. y ksi 
CWo 14.40 0.257 5.0 0 0.346 44.5 49.0 61.6 154 0 
CWo 14.41 0.250 4.0 C 0.205 46.0 46.5 66.0 94 0 
CWo 14.42 0.136 2.5 0 0.193 43.5 46.5 52.0 84 0 
CWo 14.45 0.161 2.5 0 0.272 36.8. 39.0 45.4 100 0 
CWo 14.47 0.191 5.0 0 0.191 35.7 38.0 46.3 68 0 
CWo 14.50 0.223 5,0 0 0.261 34.0 36.5 42.1 89 0 
CWo 14.51 0.161 5.0 0 0.136 36.8 39~0 45.4 50 0 
CWo 14.54 0.161 5.0 0 0.136 36.8 39.0 45.4 50 0 
CWo 18.155 0.129d) Varies C1 0.101 b) 79.5 80.0 81.0 80 0 
L 0.129d) Varies C1 0.055b) 79.5 80.0 81.0 44 0 
CWo 24.37 0.135 3.5 0 O. 136b) 43.0 45.0 64.4 59 0 CWo 28.265 0.136 Va ri es 0 0.203 37.2 38.5 49.4 76 0 
L 0.136 Varies C1 O. 1 07b) 37.2 38.5 49.4 40 0 
CWo 28.285 0.161 3.25 0 0.209 36.8 39.0 45.4 77 0 
L 0.136 4.38 0 00110 37.2 38.5 49.4 41 0 
. f~ 
CU. 14.29 0.250 4.0 C 0.205 46.0 46.5 66.0 94 30 
CU. 14.31 0.250 4.0 C 0.205 46.0 "46.5 66~0 94 0 
CU. 14.32 0,250 4.0 C 0.205 46.0 46.5 66.0 94 0 
CU. 14.33 0.250 4.0 C 0.205 46.0 46.5 66.0 94 30 
CU. 14.35 0.250 4.0 C 0.205 46.0 46.5 66.0 94 40 
CU. 14.37 0.250 4.0 C 0.205 46.0 46.5 66.0 94 20 
CU. 14.38 0.250 4.0 C 0.205 46.0 46.5 66.0 94 0 
CU. 14.39 0.250 4.0 C 0.205 46.0 46.5 66.0 94 30 
FV. 14.063 0.177 2.0 B 0.410 33.4 39.0 49.0 137 0 w 
FV. 14.064 0.177· 2.25 B 0.364 30.0 32.0 45.0 109 0 N 
FV. 14.065 0.177 2.0 B 0.410 30.0 32.0 45.0 123 0 
FV. 
FW. 
FW. 
FW. 
FW. 
FW. 
FW. 
a) 
b) 
c) 
d) 
e) 
g) 
TABLE 2 (Continued) 
PROPERTIES OF WEB REINFORCEMENT 
Steel Stress 
Mark a) Stirrup Stirrup Stirrup Web Reinf. 1% Strain 2% Strain Ultimate rf Stirrup 
type c) ratio r g) 
y 
diameter spacing f , ksi prestress 
in. in. y ksi 
14.070 0.177 2.44 B 0.336 30.0 32.0 45.0 101 0 
14.036 0.177 3.13 B 0.262 33.4 39.0 49.0 79 0 
14.063 0.177 1. 88 B 0.436 33.4 39.0 49.0 146 0 
14.064 0.161 2.5 B 0.272 36.8 39.0 45.4 100 0 
14.070 0.193 J.O B 0.324 41.2 43.0 51.0 133 0 
14.089 0.177 1. 63 B 0.503 33.4 39.0 49.0 168 0 
14.091 0.177 1. 37 B 0.599 30.0 32.0 45.0 180 0 
In beams loaded with a single unsymmetrically placed load, S refers to the short shear span, L to the 
long one. 
adjacent to load point. 
Letters correspond to types of stirrups shown in Fig. 4. 
Square bar. 
Stirrups inclined 45 0 with longitudinal axis. r is based on volume of stirrups. 
Based on flange width of precast section 
WI 
WI 
TABLE 3 
PROPERTIES OF CONCRETE MIXES 
Mark Compressive Modulus Splitting Cemenl:Sand: Water/Cement Slump Age 
Strength of rupture Strength Gravel in at 
f t f r test 
c r t 
ps i psi ps i days 
2 2 2 2 2 
AO. 14.37 2700 3260 300 282 1 :4.2:4.6 0.91 0.91 1.5 2 12 
AW. 14.39 5470 5560 510 1:3.3:3.5 0.83 0.83 3.5 3 19 
AW. 14.76 2765 2795 385 1 :-3.7: 3.9 1. 06 1. 06 8 8 6 
AW. 24.48 4900 4400 525 1: 3.3: 3.5 0.69 0.69 2.5 6 8 
AW. 24.68 2510 3170 400 1 :4.1 :4.3 0.96 0.96 5.5 6 10 
B. 10.23 5205 5300 425 462 1:3.9:4.2 0.85 0.85 2 36 
B. 10.24 3720 3835 375 342 1 :4. 1 :4.4 0.82 0.87 2 1.5 18 
B. 14.,34 3090 2640 340 275 1 :4. 1 :4.4 0.79 0.79 1 1 8 
B. 14,.41 3000 2890 358 358 1 :4. 1 :4.4 0.79 0.79 1 1 7 
B. 23" 17 6780 6280 506 485 1: 2,.6: 2.9 0.58 0.58 3 3.5 12 
B . 25" 18 6780 6720 480 433 1:2.6:2.9 0.58 0.58 2 2.5 12 
BO. 14 .. 18 6:390 6280 517 438 1: 2 .9: 3.2 0.72 0.71 3 2 6 
BO. 14 .. 19 6720 6280 519 519 1: 2.8: 3.0 0.72 0.74 3 3 '1,7 
BO. 14,.23 4210 3870 337 310 1:4.0:4.3 0.78 0.78 2 1.5 15 
BO. 14,.26 3160 3460 383 392 1:4.2:4.6 0.84 0.84 1.5 1 8 
BO. 14.27 3850 3400 442 416 1:4.3:4.6 0.79 0.79 1.5 2 9 
BO. 14.28 4230 3320 4.57 367 1:4.0:4.4 0.77 0.78 2 2 8 
BO. 14.34 2720 2700 404 350 1 :4.2:4.6 0.79 0.79 3 2.5 8 
BO. 14.35 2610 2610 375 400 1 :4.2:4.6 0.92 0.92 1 1 8 
BO. 14.42 2980 2870 491 491 1 :4.2:4.5 1.00 1. 00 3 2 8 
BO. 24.32 3090 3800 416 375 1 :4.3:4.6 0.81 0.81 2 2 8 
w 
~ 
TABLE 3 (Continued) 
PROPERTIES OF CONCRETE MIXES 
Mark Compressive Modulus Splitting Cement: Sand: Water/Cement Slump Age 
Strength of rupture Strength Gravel in at 
f' f f
t 
test 
c r 
ps i ps i psi days 
2 2 2 2 2 
BV. 14.30 4200, 402.0> 346 350 1: 3 .9:4. 2 0.82 0.82 2 3 20 
BV. 14.32 4210 3800 420 451 1:3.9:4.2 0.84 0.83 2 3 6 
BV. 14.34 3800 3620 500 416 1:4.0:4.2 0.86 ' 0.85 2 2 5 
BV. 14.35 3340 3410 508 425 1:3.9:4.2 0.83 0.83 3 3 5 
B\I. 14.42 3090 2910 455 450 1: 3.9:4.2 0.90 0.90 2,5 3 6 
BW. 10.22 4150 3970 466 469 1 :4. 1 :4.4 0.91 0.85 2 2 13 
BW. 14.20 2840 2870 333 350 1:4.1:4.4 0.80 0.83 1.5 1 7 
BW. 14.22 5520 5430 517 475 1:3.2:3.5 0.65 0.62 3 2.5 10 
BWo 14.23 5360 5525 500 520 1:202:2.6 0072 0.74 4 6 7 
BW. 14.26 3470 3505 400 400 1:309:402 0082 0.82 3 3 '7 
BWo 14 (,31 3190 3870 383 425 1:401:4.4 0.79 0.76 7 3 1 1 
BW. 14,,32 2840 2830 308 350 ':3.9:402 0.90 0.90 3 3 6 
BW. 14 .. 34 3450 3560 366 358 1:3.9:4.2 0.83 0.83 2 2.5 7 
BW. 14 .. 38 2890 3110 3Ll2 816 'j :4. 1 :4.5 0.91 0.91 '1.5 1 7 
BWo 14,,39 3120 3050 358 392 1:4.2:4.5 0.86 0.86 2 1 8 
BW. 14,.41 3050 2860 466 359 1:3.9:4.2 0.87 0.85 2.5 2.5 8 
BW. 14 .. 42 2870 2810 338 342 1:4.1:4.5 0.84 0.84 2 2 8 
BW. 14 .. 43 2910 2780 346 392 1 :4.1 :404 0.88 0.88 1 3 8 
BW. 14.45 3100 2680 304 304 1:4.1 :4.3 0.80 0.79 205 3.5 9 
BWo 14.58 3390 3165 4'16 358 1:400:403 0.82 0.83 2 3 7 
BW. i4.60 2730 3025 358 350 l:4.0:4.3 0.89 0.89 2 2 7 
BW. 15.34 3620 3550 375 392 1: 4.1: 4.3 0.75 0.75 4 2 1 1 
BW. 115.37 3300 3210 417 392 1 :4.2:4.4 0.87 0.83 3 3.5 8 
BW. 116.38 3800 3160 383 267 1:4.0:4.3 0.88 0.91 1.5 205 10 
BW. 18. 15 7265 7625- 618 558 1: 2.2: 2.6 0.59 0.59 3.5 4 18 w 
U1 BW. 18.27 4655 4345 533 512 1 :4,.0:4.3 0.80 0.80 2 2 12 
BW. 19.28 4420 4080 444 438 1 :4.1 :4.4 0.89 0.86 2 2 12 
TABLE 3 (Continued) 
PROPERTI ES OF CONCRETE MIXES 
Mark Compressive Modulus Splitting Cement:Sand: Water/Cement Slump Age 
Strength of rupture Strength Gravel in at 
f' f f test 
c r t 
ps i psi ps i days 
2 2 2 2 
BW. 23.18 6290 6110 587 538 1:206:209 0058 0058 2 2.5 12 
BW. 23019 6660 6720 1:2.6:2.9 0.59 0.58 1.5 3 12 
\ BW. 23.20 6500 5800 545 430 1': 206: 209 0.58 0058 1.5 2 12 
BW. 23.21 6810 6520 498 449 1:2.6:209 0058 0.58 2.5 4 12 
BW. 23022 6850 6910 1: 2 .6: 209 0.58 0058 1.5 2 12 
BWo 23.23 6730 6470 549 497 1:206:2.9 0"58 0.58 1 1 12 
BWo 23.24 6450 6690 1:206:209 0.58 0.58 2 2 12 
BW. 23025 6780 6310 447 444 l:205:208 0.52 0.52 4 7 17 
BW. 25.19 7030 6670 536 458 1:2.6:2.9 0.59 0.59 1.5 2.5 12 
BW. 25.20 6180 6400 1:206:2.9 0.59 0.58 2.5 2.5 12 
BW 25.21 6960 6780 1: 2.6: 2.9 0.59 0.58 1.5 2 12 
BW. 25.22 6790 6880 / 1:2.6:2.9 0.59 0.58 2 2 12 
BW. 25.23 6690 6640 1:2.6:2.9 0.58 0.58 1.5 2 12 
BW. 25024 6540 6500 513 535 1:2.5:2.9 0.57 0.57 2 2 12 
BW. 26.21 6730 6560 482 485 1:206:2.9 0.58 0.58 2.5 2.5 12 
BW. 28.26 3200 3425 458 366 1: 3 .9:4.2 0.86 0086 2 2 8 ',: 
BW. 28.28 3365 3120 450 413 1:309:402 0085 0.86 2 3 6 
BWo ,29.21 6930 6980 480 493 1: 2.6: 2.9 0.58 0.58 2 2.5 11 
C. 10.27 3300 3660 275 300 1 :4. 1 :4.4 0.85 0.82 2 2 14 
C. 10.28 4250 4300 412 316 1:309:4.2 0.89 0.85 1 1 25 
Co 13.23 3460 3730 495 425 1 :4.4:4.4 0.87 0.83 1.5 13 
COo 13.24 3850 3670 467 437 1 :4.4:4.4 0.90 0.90 1.5 14 
CD. 13.25 3020 3460 408 417 1 :404:4.4 0.85 0.85 1.5 11 w 
CD. 14.34 2660 2560 417 420 .. 1: 308:4.2 0091 0.94 2 3 6 (J) 
TABLE 3 (Continued) 
PROPERTI ES OF CONCRETE MIXES 
Mark Compressive Modulus Splitting Cement:Sand: Water/Cement Slump Age 
Strength of rupture Strength Gravel in at 
f' f f t test c r 
ps i ps i psi days 
2 2 2 2 2 
Clo 14034 3880 3910 483 533 382 1:300:3?2 0.71 0071 2.5 3 6 
CI 0 14036 2670 2790 325 266 255 257 1: 3 .8:4.1 0.81 0.81 2.5 205 7 
CI. 24039 2840 2970 417 433 321 325 
CWo 10.26 4160 4650 456 460 1 :4.1 :4.4 0.84 0085 2 2 20 
CWo 10.27 4235 4530 408 417 1: 3.8:4.4 0.94 0.85 1 1.5 16 
CWo 13028 3860 4330 408 433 1:309:402 0082 0082 1.5 L5 11 
CWo 13.38 3290 3200 333 367 1 :400:4.3 0.86 0.83 4.5 2.5 11 
CWo 14014 6730 7205 504 541 1:202:206 0059 0.59 2 2 13 
CWo 14.15 2750 3280 342 433 1 :402:406 1. 02 1.02 4 5 9 
CWo 14.16 3170 3230 466 392 1: 3.7: 3.9 0.8] 0.78 5 3 7 
CWo 14.17 2870 3140 333 371 1 :4.2:4.5 0.84 0.84 2 2 8 
/ 
CWo 14.18 2~50 3100 408 442 1 :4.2:4.4 0.94 0.94 6 3.5 7 
CWo 14.19 2875 3080 333 366 'I :4.2:4.6 0.86 0.86 2 1.5 8 
CWo 14.20 2950 3020 400 1 :4.2:4.5 0.86 0.86 2 1.5 8 
CWo 14.21 2580 2990 350 416 1 :4.2:404 0.86 0089 1 1.5 8 
CWo 14.22 4660 4660 484 458 1: 2.6: 301 0.70 0.67 7 7 8 
CWo 14.23 2800 2690 375 342 1: 3 .8:4.1 0.87 0.87 1.5 2 "1 
CWo 14.24 2900 2680 416 400 '1:307:3.9 0.94 0.94 2.5 4 8 
CWo 14025 5420 5050 518 492 1: 3.2: 3.5 0.67 0.67 1 2 11 
CWo 14.26 2415 2310 410 348 1:4.2:4.5 0091 0.87 6 2 8 
CWo , 14.27 2760 3450 450 450 1: 3 .9:4.1 0.80 0.90 1 1.5 7 
CWo 14.34 3950 3930 384 384 357 367 1: 3 09:4.1 0.72 0.72 1.5 2 11 
CWo 14.35 3260 3420 433 508 1:3.7:4.0 0.87 0.83 6 2 9 
CWo 14.36 3280 3300 383 425 1:3.7:4.0 0.75 0.75 1 2 8 
CWo 14.37 4460 3240 408 425 'j :4.2:4.5 0.93 0.91 6 1.5 6 w 
CWo 14.38 3050 2850 417 417 1: 3.9:4.1 0.89 0.85 4 3.5 12 -...J 
CWo 14039 3360 3010 408 425 1 :4.2:4.5 0.93 0.91 1 3 8 
CWo 14.40 3040 3010 421 383 1:3.7:4.0 0.80 0.80 2 2.5 8 
TABLE 3 (Continued) 
PROPERTI ES OF CONCRETE MIXES 
Mark Compressive Modulus Splitting Cement:Sand: Water/Cement Slump Age 
Strength of rupture Strength Gravel in at 
f' f f test 
c r t 
ps i ps i ps i days 
1, 2 2 2 2 2 
Cv,( . 14.41 3440 3360 400 392 374 304 1:3.6:3.8 0073 0070 1.5 1.5 8 
CWo 14.42 3180 2840 375 342 1:402:4.5 0089 0.89 3 8 8 
Cv,( . 14.45 3160 2640 333 366 1 :4.3:4.5 0.95 0.95 5 3 9 
C"'I. 14047 2635 2535 366 317 1 :4.2:4.5 0.91 0095 1 1 8 
C"'I. 14.50 2450 2400 400 367 1:3.9:4.2 0.92 0.88 4.5 2.5 8 
C"'I. 14.51 3505 3260 333 266 1:3.9:4.2 0.88 0.89 3 3.5 13 
C\>/. , 140,54 3500 3300 358 342 1: 3.9:4.2 0.82 0.83 2 2.5 8 
C""f. 18.15 7620 7425 633 609 1:2.2:2.6 0.59 0.60 2.5 205 19 
CvJ. 24037 3400 3180 400 367 327 306 
CvJ. 28.26 3900 3370 433 292 1:3.9:4.2 0.80 0.81 2 3 10 
Cv/. 28.28 3170 3085 433 334 1 :4.0:4.2 0.86 0.86 2 2.5 8 
e\l. 14.29 3630 3500 408 425 390 390 1: 3.8 :4.1 0.81 0.81 3 3 13 
cv. 14.3 i 3100 3170 333 352 283 262 1: 3.8:4.1 0.81 0.81 2.5 3 12 
e\l. 14.32 3650 3190 418 401 39 ': 272 1:3.8:4.0 0.82 0080 5 5 22 
C\lo 14.33 3150 3060 333 366 284 1: 3.8: 4. 'I 0.81 0.81 2 2 10 ~ 
ev. 14.35 4000 3870 550 533 388 357 1: 3.6: 3.8 0.70 0.70 1 1.5 8 
C\I. 14.37 3640 3590 483 400 362 426 1: 3 .6: 3.8 0.79 0.76 1 1 5 
C\lo 14038 3670 3540 482 482 410 409 1: 3.8:401 0.81 0.81 2 3 14 
CVo 14.39 3490 3490 416 400 288 369 1:2.8:3.0 0.67 0.67 3.5 4 4 
fV v 14.063 
beam 3450 3460 417 384 388 385 1: 3.8:401 0.81 0.81 1.5 1.5 16 
Slab 3280 375 300 1: 3 .8:4.1 0.81 4 13 
FV. 14.064 
beam 3710 3490 400 400 405 335 1: 3 .8:4.1 0.81 0.81 1.5 2.5 17 w OJ 
slab 3230 367 290 1: 3 .8:4.1 0.81 105 12 
TABLE 3 (Continued) 
PROPERTIES OF CONCRETE MIXES 
Mark Compressive Modulus Splitting Cement:Sand: Water/Cement Slump Age 
Strength of rupture Strength Gravel in at 
f ' f f test 
c r t 
ps i ps i ps i days 
2 2 2 2 2 
FVo 14.065 
beam :3730 3640 417 542 305 293 1: 3.5: 3.7 0.79 0.79 5.5 6 12 
slab :3240 500 326 1: 304: 307 0078 1.5 8 
FVo 14.070 
beam 2650 2710 358 334 221 232 1: 3 08:401 0.81 0081 6 4 15 
slab 3040 375 294 1:3.8:4.0 0.80 2 7 
FW. 14.036 
beam 4165 4240 450 450 420 442 1:309:4.1 0.79 0.77 1.5 2 24 
slab 3940 3960 467 362 437 1:3.6:309 0072 0.72 1 1 19 
FW. 140063 
beam 2790 2705 417 400 1:309:401 0.75 0.75 2 2 18 
slab 3360 327 1: 3 08:401 0.77 1.5 9 
FWo 14.064 
beam 3320 3910 425 362 1:401: 4.3 0082 0.79 3 2 12 
slab 3000 383 1:309:400 0078 2.5 6 f: 
FWo 140070 
beam 4030 3520 433 275 1:4.1 :4.3 0080 0.79 2.5 4.5 15 
slab 3280 333 1: 3.'8:4.1 0.75 1 9 
FW. 140089 
beam 4210 3660 458 367 397 388 1:3.9:4.1 0.62 0066 13 
slab 3325 3040 357 367 1: 3.9:4.1 0.72 0.72 7 
FW. 140091 
beam 3380 3100 508 525 361 301 1: 3.5: 3.7 0.79 0.79 1.5 2.5 1 1 
slab 3070 467 290 1:3.4:3.7 0.79 6 6 
w 
1O 
140 
TAB LE 4 
PROPERTI ES OF LONGITUDINAL REINFORCEMENT 
Lot Manufacturer Heat Ana1;tsis Diameter Stress at Ultimate 
C Mn P S Si in ~ 1% strain stress ksi 
% % % % % ksi 
8 AS and Wa) 0.83 0.75 0.010 0.035 0.20 0.196 217 255 
10 AS and W 0.81 0.76 0.010 0.027 0.23 0.196 222 267 
1 1 AS and W '0.85 0.65 0.010 0.027 0.18 0.196 219 256 
12 AS and W 0.88 0.79 0.024 0.033 0.25 0.196 228 255 
13 AS and W 0.82 0.72 0.018 0.032 0.21 0.194 218 258 
14 Union b) 0.85 0.84 0.010 0.029 0.18 0.197 242 280 
16 AS 'and W 0.07 0.36 0.008 0.28 0.250 244 274 
17 AS and W 0.07 0.36 0.008 0.28 0.250 234 265 
a) American Steel and Wire Division of the U. S. Steel Corporation. 
b) Union Wire Rope Corporation. 
Mark Shear 
'iran 
a, in 
AD. 14.37 36 
AW. 14.39 36 
AW. 14.76 36 
AW. 24.48 36 
AW. 24.68 36 
B. 10.23 38 
46 
54 
B. 10.24 30 
38 
46 
54 
46 
38 
B. 14.34 36 
B. 14.41 36 
B. 23.17 30 
B. 25.18 45 
BD. 14.18 36 
BD. 14.19 36 
BD. 14.23 36 
BD. 14.26 36 
BD. 14.27 36 
BD. 14.28 36 
BD. 14.34 36 
TAB LE 5 
COMPUTED AND MEASURED VALUES OF INCLINED 
CRACKING LOAD 
Calc. shear Calc. flexure-shear Measured inclined 
cracking load cracking load cracking load 
V , kips Vcf ' kips V kips cs cm, 
22.0a 9.17 8.00 
29.0 12.0 11.3 
22.8 10.1 10.6 
22.7 8.43 10.0 
18.0 7.13 8.21 
15.0 10.0 9.85 
15.0 8.49 8.35 
15.0 7.46 6.93 
12.2 9.86 10. 1 
12.2 7.93 7.93 
12.2 6.74 6.59 
12.2 5.94 6.26 
12.2 6.74 6.59 
12.2 7.93 7.93 
11. 1 7.79 8.49 
12.0 8.84 9.21 
10.6 5.36 5.6 
10.6 4.29 4.4 
17.1 a 9.98 10.9 
18.3a 10. 1 11.2 
14.8a 6.94 5.60 
14.8a 6.92 6.38 
12.7a 7.63 8.95 
13. 1 a 8.12 (10.2)b 
11.3a 7.15 7.90 
Type of crack V c) 
observed cm V 
c 
F 0.87 
F 0.94 
r 1. 05 
F 1. 19 
F 1. 15 
F 0.99 
F 0.98 
F 0.93 
F 1. 02 
F 1. 00 
F 0.98 
F 1. 05 
F 0.98 
F 1. 00 
F ~ 1. 09 
F '<"'1.04 
F 1. 04 
F 1. 03 
F 1. 09 
F 1. 1 I 
F 1. 24 
F 1. 09 
F 1. 17 
(1.19) 
F 1. 10 
.p.. 
Mark Shear 
span 
a, in 
BD. 14.35 36 
BD. 14'.42 36 
BD. 24.32 36 
BV. 14.30 36 
BV. 14.32 36 
BV. 14.34 36 
BV. 14.35 36 
BV. 14.42 36 
BW. 10.22 30 
38. 
46 
54 
46 
38 
BW. 14.20 36 
BW. 14.22 36 
BW. 14.23 36 
BW. 14.26 36 
BW. 14.31 36 
BW. 14.32 36 
BW. 14.34 36 
BW. 14.38 36 
BW 14.39 36 
BW. 14.41 36 
BW. 14.42 36 
TABLE 5 (Continued) 
COMPUTED AND MEASURED VALUES OF INCLINED 
CRACK 1 NG LOAD 
Calc. shear Calc. flexure-shear Measured inclined 
cracking load cracking load cracking load 
V , ki ps 
cs Vcf ' kips V , kips cm 
12.4a 6.60 6.49 
12.8a 8.38 9.95 
13. ] a 6.89 7.45 
15.5a 9.66 10.2 
14.7a 9.07 10.4 
14.8a 9.66 10.5 
14.0a 8.75 9.80 
15.5a 8.50 9.60 
12.6 10.1, 10.8 
12.6 8.11 8.46 
12.6 6.91 6.70 
12.6 6.11 5.85 
12.6 6.91 7.45 
12.6 8.11 8.46 
9.90 6.49 (8.25)b 
15.0 10.4 10.6 
14.9 10.1 10.3 
11.8 7.96 7.99 
12.4 9.14 10.2 
10.9 7.69 9.54 
12.8 9.46 10.4 
12.1 9.20 10.4 
12.4 9.33 10.5 
12.3 9.44 9.90 
12.1 9.29 9.35 
Type of crack V c) 
observed cm -V 
c 
F 0.98 
F 1. 19 
F 1. 08 
F 1. 06 
F 1. 14 
F 1. 09 
F 1. 12 
F 1. 13 
F 1. 07 
F 1. 04 
F 0.97 
F 0.96 
F 1. 08 
F 1. 04 
).; ( 1. 27) 
F 1. 02 
F 1. 02 
F 1. 00 
F 1. 12 
F 1. 24 
F 1. 10 
F 1. 13 
F 1. 12 
F 1. 07 
F 1. 0 1 ~ N 
TABLE 5 (Continued) 
COMPUTED AND MEASURED VALUES OF INCLINED 
CRA CK I NG LOAD 
Mark Shear Calc. shear Calc. flexure-shear Measured inclined Type of crack V c) 
cracking load cracking load cracking load observed em span V 
a, in V ,k ips Vcf ' kips V ,kips c cs em 
BW. 14.43 36 12.1 9.24 10.7 F 1. 16 
BW. 14.45 36 12.4 9.26 9.90 F 1. 07 
BW. 14.58 36 14.2 11.6 14.0 F 1. 21 
BW. 14.60 36 13.3 11.3 12.8 F 1. 13 
BW. 1~). 34 48 13.1 7.54 8.15 F 1. 08 
BW. 15.37 48 12.7 7.40 8.35 F 1. 13 
BW. 16.38 54 13.3 6.81 7.00 F 1. 03 
BW. 18.15 70 15.9 6.13 5.93 F 0.97 
38 15.9 9.59 9.50 F 0.99 
BW. 18.27 70 14.2 5.95 5.63 F 0.95 
38 14.2 9.70 10.8 F 1. 11 
BW. 19.28 78 13.9 5.16 5.28 F 1. 02 
30 13.9 12.0 12.8 F 1. 07 
BW. 23.18 30 10.2 5.10 6.25 F 1. 22 
BW. 2~1. 19 30 10.5 5.35 6.10 F 1. 14 
BW. 23.20 30 10.4 5.24 6.20 F 1. 18 
BW. 2~1. 21 30 10.6 5.36 6.70 F 1. 25 
BW. 2~1. 22 30 10.6 5.37 6.50 F ), 1. 21 
BW. 23.23 30 10.6 5.34 6.40 F 1. 20 
BW. 23.24 30 10.3 5.23 6.70 F 1. 28 
BW. 23.25 30 15.5 12.3 14.4 F 1. 17 
BW. 2~). 19 45 10.8 4.44 4.70 F 1.06 . 
BW. 2~). 20 45 10.1 4.15 4.70 F 1. 13 
BW. 25.21 45 10.7 4.45 5.00 F 1. 12 
BW. 25.22 45 10.6 4.35 6.10 F 1.40 
BW. 25.23 45 10.5 4.32 5.40 F 1. 25 
B~v . 25.24 45 15. I 8.50 9.70 F 1. 14 
BW. 26.21 60 15.3 6.86 7.40 F 1.08 
48 15.3 8.08 9.87 F 1. 22 
~ 
w 
TABLE 5 (Continued) 
COMPUTED AND MEASURED VALUES OF INCLINED 
CRACKI NG LOAD-' 
" 
Mark Shear Calc. shear Calc. flexure-shear Measured inclined Type of crack V c) 
cracking load cracking load cracking load observed cm span 
-V-
a, in V ,ki ps Vcf' kips V ,ki ps c cs cm 
BW. 28.26 70 9.50 3.54 3.43 F 0.97 
38 9.50 5.28 6.18 F 1. 17 
BW. 28.28 70 9.83 3.62 3.46 F 0.96 
38 9.83 5.46 5.75 F 1. 05 
BW. 29.21 75 15.9 6.02 6.42 F 1. 07 
33 15.9 11.1 ~ 16.2 F 1.46 
C. 10:.27 22 7.17 12.7 7.16 W 1. 00 
C. 10.28 22 8.35 15.2 8.90 W 1. 07 
C. 13.23 27 7.21 10.3 8.30 W 1. 15 
CD. 13.24 27 8.93a 9.90 9.90 W 1. 11 
CD. 13.25 27 7.99a 9.22 9.89 W 1. 24 
CD. 14.34 36 7.09a 5.95 5.45 W 0.92 
CI. 14.34 36 8.71 11.0 8.33 W 0.96 
CI. 14.36 36 6.97 8.47 7.22 W ~ 1. 04 
CI. 24.39 36 7.12 8.05 8.05 W ",',·1.13 
CWo 10.26 30 8.45 11.0 8.69 W 1.03 
38 8.45 8.61 9.42 F 1. 11 
46 8.45 7.15 6.95 F 0.97 
54 8.45 6.16 6.00 F 0.97 
46 8.45 7.15 8.34 F 1. 16 
38 8.45 8.61 9.42 F 1. 11 
30 8.45 11.0 8.74 W 1. 03 
CWo 10.27 30 8.48 11.0 9.50 W 1. 12 
.p.. 
.p.. 
TABLE 5 (Continued) 
COMPUTED AND MEASURED VALUES OF INCLINED 
CRACKING LOAD 
Mark Shear Calc. shear Calc. flexure-shear Measured inclined Type of crack V c) 
crack i ngl oad cracking load cracking load observed cm span V 
a, in V , kips Vcf ' kips V , ki ps c cs cm 
38 8.48 8.55 7.78 F 0.92 
46 8.48 7.09 6.90 F 0,97 
54 8.48 6.12 5.92 F 0.97 
46 8.48 7.09 7.30 F 1. 03 
CWo 13.28 28 8.21 11.7 9.90 W 1. 20 
CWo 13.38 28 7.80 11.5 8.90 W 1. 14 
CWo 14.14 36 9.74 9.46 9.60 F 1. 0 1 
CWo 14.15 36 6.01 5.87 6.25 F 1. 06 
CWo 14.16 36 6.38 6.20 6.75 F 1. 09 
CWo 14.17 36 6.12 5.95 5.95 F 1. 00 
CWo 14.18 36 6.17 5.96 6.50 F 1. 09 
CWo 14.19 36 6.12 5.96 6.94 F 1. 16 
CWo 14.20 36 6.17 6.00 6.45 F 1. 07 
CWo 14.21 36 5.89 5.82 6.05 F 1. 04 
CWo 14.22 36 8.82 9.56 9.45 W 1. 07 
CWo 14.23 36 6.07 5.92 7.40 F 1. 24 
CWo 14.24 36 6.13 5.94 6.20 F '1: 1. 04 
CWo 14.25 36 9.27 9.85 10.5 F .r "'1 . 13 
CWo 14.26 36 5.76 5.74 6.45 F 1. 12 
CWo 14.27 36 6.22 6.37 6.11 W 0.98 
CWo 14.34 36 8.68 10.8 10.0 W 1. 15 
CWo 14.35 36 7.73 8.78 6.65 W 0.86 
CWo 14.36 36 7.63 8.59 8.65 F 1. 13 
CWo 14.37 36 8.68 9.34 9.40 W 1. 08 
CWo 14.38 36 7.22 8.50 7.22 W 1. 00 
CWo 14.39 36 7.85 8.98 9.10 W 1. 16 
.t:>. CWo 14.40 36 7.60 8.90 9.15 F 1. 20 (}l 
.~5)J\,r'1P:~\ r . , 
TABLE 5 (Continued) 
COMPUTED AND MEASURED VALUES OF INCLINED 
CRACKI NG LOAD 
Mark Shear Calc. shear Calc. flexure-shear Measured inclined Type of crack V . c) 
cracking load cracking load cracking load observed cm span V a , In V I k irs V f' kips V ,k ips c cs c' cm 
CWo 14.41 36 8.22 10.7 8.89 W 1. 07 
CWo 14.42 36 7.65 8.68 9.25 W 1. 21 
CWo 14.45 36 7.68 8.80 8.90 W 1. 16 
CWo 14,47 36 7.23 8.60 8.80 W 1. 22 
CWo 14.50 36 7.11 8.71 8.15 W 1. 14 
CWo 14.51 36 9.03 11.4 9.99 W 1. 10 
CWo 14.54 36 8.79 10.9 10.1 W 1. 15 
CWo 18.15 70 10.4 5.67 5.20 F 0.92 
38 10.4 9.70 ' 9.55 F 0.98 
CWo 24.37 36 7.11 7.08 7.09 W 1. 00 
CWo 28.26 70 6.38 3.08 2.88 F 0.94 
38 6.38 4.97 5.78 F 1. 16 
CWo 28.28 70 5.95 2.99 2.83 F 0.95 
38 5.95 4.86 5.75 F 1. 18 
CU. 14.29 36 10. J 8.97 9.72 F 1. 08 
CU. 14.31 36 7.37 8.77 7.78 W 1. 06 
CU. 14.32 36 7.76 8.84 7.50 W f. 0.97 
.<,"',' 
CU. 14.33 36 9.83 8.77 9.45 F 1. 08 
CU. 14.35 36 12.1 11. 1 11.4 F 1. 03 
CU. 14.37 36 10.1 10.3 10.0 W 0.99 
CU. 14.38 36 8.41 10.6 8.10 W 0.96 
CU. 14.39 36 10.9 10.8 10.8 F 1. 00 
FV. 14.063 36 6.77a 12.8 6.95 W 1. 03 
FV. 14.064 36 7.46a 11.7 7.78 W 1. 04 
FV. 14.065 36 7.17a 13.8 8.05 W 1. 12 
FV. 14.070 36 7.50a 10.4 8.33 W 1. 1 1 
.f:::. 
m 
TABLE 5 (Continued) 
COMPUTED AND MEASURED VALUES OF INCLINED 
CRACK I NG LOAD. 
Mark Shear Calc. shear Calc. flexure-shear Measured inclined 
span cracking load cracking load crack i ng 10ad 
in V kips V
ef , kips V , kips a, cs cm 
FW. 14.036 36 6.14 10.3 5.56 
FW. 14.063 36 5.55 13.2 6.66 
FW. 14.064 36 6.40 14.2 10.3 
FW. 14.070 36 6.94 15.0 9.71 
FW. 14.089 36 7.04 15.3 7.78 
FW. 14.091 36 6.82 17:.5 7.75 
a) Includes vertical component of prestressing force 
b) No critical inclined crack developed. Ultimate shear is given 
c) V is taken as the smaller of V ,and V 
c cs cm 
Type of crack 
observed 
W 
W 
W 
W 
W 
W 
V c) 
cm 
V 
c 
0,91 
1. 20 
1. 61 
1.40 
1. 11 
1. 14 
..J::>. 
-....J 
TAB LE 6 
. . • .. ~ .r., 
COMPUTED AND MEASURED 
CAPAC I TI ES 
Mark V ,calc rf bd V ,c a I c+ r f b d Calculated shear Measured Failure V V 
c y c y 
-1:!!I! um 
V ,k ips at flexural shear at mode V V
uf II S us 
fai lure Vf , kips 
AO. 14.37 9 . I 7 9.17 13.3 8.52 S 0.93 
AW. 14.39 12.0 6.91 18.9 15.8 14.2 F 0.90 
AW. 14.76 10.1 6.88 17.0 13.2 11.4 F 0.86 
AW. 24.48 8.43 6.88 15.3 14.5 14.7 F 1. 0 1 
AW. 24.68 7.13 6.92 14.1 13.0 12.4 F 0.95 
B. 10.23 7.46 0 7.46 9.68 7.73 S 1. 04 
B. 10.24 5.94 0 5.94 7.41 7.11 S 1. 20 
8. 14.34 7.79 0 7.79 10.8 9.11 S 1. 17 
B. 14.41 8.84 0 8.84 12.9 9.84 S 1. 11 
B. 23.17 5.36 0 5.36 22.1 10.6 S 1. 98 
8. 25.18 4.29 0 4.29 14.3 5.15 S 1. 20 
BO. 14.18 9.98 0 9.98 14.2 12.4 S 1. 24 
BO. 14.19 10.1 0 10.1 15.1 11.4 S 1. 13 
BO. 14.23 6.94 0 6.94 10.7 5.78 S 0.83 
BO. 14.26 6.92 0 6.92 10.6 6.55 S r:0.95 
BO. 14.27 7.63 0 7.63 10.5 9.84 S 1. 29 
BO. 14.28 8 ;12 0 8.12 10.5 10.2 F 0.97 
BO. 14.34 7.15 0 7.15 10.4 9.00 S 1. 26 
BO. 14.35 6.60 0 6.60 10.2 6.67 S 1. 0 1 
BO. 14.42 8.38 0 8.38 12.7 10.1 S 1. 20 
BO. 24.32 6.89 0 6.89 13.5 9.16 S 1.33 
BV. 14.30 9.66 3.03 12.7 13.6 12.5 B 
BV. 14.32 9.07 3.40 12.5 14.1 13.0 B -f::>. 
BV. 14.34 9.66 3.41 13.1 13.7 13.1 F 0.96 
(X) 
BV. 14.35 8.75 4.42 13.2 13.7 12.8 F 0.93 
BV. 14.42 8.50 3.81 12.3 12.7 12.5 F 0.98 
Mark V ,ca 1 c 
c 
BW. 10.22 6.91 
BW. 14.20 6.49 
BW. 14.22 10.4 
BW. 14.23 10.1 
BW. 14.26 7.96 
BW. 14.31 9.14 . 
BW. 14.32 7.69 
BW. 14.34 9.46 
BW. 14.38 9.20 
BW. 14.39 9.33 
BW. 14.41 9.44 
BWo 14.42 9.29 
BWo 14.43 9.24 
BW. 14.45 9.26 
BW. 14.58 11.6 
BW. 14.60 11.3 
BW. 15.34 7.54 
BW. 15.37 7.40 
BW. 16.38 6.81 
BW. 18.15 9.59 
6.13 
BW. 18.27 9.70 
5.95 
BW. 19.28 12.0 
5.16 
BW. 23.18 5.10 
BW. 23.19 5.35 
BW. 23.20 5.24 
rf bd 
y 
1. 66 
1. 31 
3.03 
3.52 
2.79 
3.62 
1. 53 
2.57 
2.56 
4.14 
3.05 
3.05 
4.88 
3.22 
2.44 
2.44 
2.20 
3.04 
2. 17 
3.31 
1. 82 
4.89 
1. 81 
4.89 
1. 63 
3.07 
3.07 
6.15 
TABLE 6 (Continued) 
COMPUTED AND MEASURED 
CAPAC 1 TI ES 
V , cal c+ r f b d Calculated shear 
c y 
V ,ki ps at flexural 
fls fai lure Vf,kips 
8.57 8.88 
7.80 8.05 
13.4 14.1 
13.6 14.5 
10.8 11 .. 7 
12.8 13.5 
:9.22 10.2 
12.0 13.2 
11.8 13.2 
13.5 13.1 
12.5 12.9 
12.3 12.6 
14.1 12.6 
12.5 12.2 
14.0 15.6 
13.7 15.5 
9.74 10.1 
10.4 9.75 
8.98 8.57 
12.9 13.7 
7.95 7.43 
14.6 13.6 
7.76 7.38 
16.9 17.3 
6.79 6.65 
8.17 22.1 
8.42 22.2 
11.4 22.1 
Measured Fai lure \I V 
un urn 
shear at mode \! V 
us 'Uf 
8.74 S \. 02 
8.25 F 1. 02 
14.1 F 1. 00 
14.1 F 0.97 
11.5 T 11.06 0.98 
13.1 F 0.97 
10.5 F 1. 03 
12.9 S 1. 07 
13.2 S 1. 12 
13.2 F 1. 0 1 
12.2 F 0.95 
12.2 F 0.97 
12.6 F 1. 00 
12.4 T 0.99 1. 02 
15.3 S 1. 09 
14.6 S 1. 07 
9.95 F 1: _ 0.99 
9.83 F 1. 0 1 
8.68 F 1.01 
13.7 
7.46 S 0.94 
13.6 F 1. 00 
7.38 F 1. 00 
17.3 F 1. 00 
6.64 F 1. 00 
--
15.0 S 1. 84 .p. <.0 
15.1 S 1. 79 
14.9 S 1. 31 
Mark V ,calc 
c 
BW. " 23.21 5.36 
BW. 23.22 5.37 
BW. 23.23 5.34 
BW. 23.24 5.23 
BW. 23.25 12.3 
BW. 25.19 4.44 
BW. 25.20 4.15 
BW. 25.21 4.45 
BW. 25.22 4.35 
BW. 25.23 4.32 
BW. 25.24 8.50 
BW. 26.21 8.08 
6.86 
BW. 28.26 5.28 
3.54 
BW. 28.28 5.46 
3.62 
BW. 29.21 11.1 
6.02 
C. 10.27 7.17 
C . 10.28 8.35 
C. 13.23 7.21 
CO. 13.24 8.93 
CO. 13.25 7.99 
CD. 14.34 5.95 
CI . 14.34 8.71 
CI. 14.36 6.97 
CI . 24.39 7.12 
r f bd 
y 
8.46 
11.23 
13.10 
15.80 
3.05 
3.09 
6.15 
8.46 
11.23 
13.10 
3.06 
4.20 
3.06 
3.67 
2.00 
3.82 
2.00 
12.95 
3.04 
0 
0 
0 
0 
0 
0 
8.83 
6.29 
5.01 
TABLE 6 (Continued) 
COMPUTED AND MEASURED 
CAPAC I TI ES 
V I cal c+ r f b d Calculated shear 
c y 
V I kips at flexural 
~s fai lure Vf,kips 
13.8 22.2 
16.6 22.2 
18.4 22.2 
21.0 22.2 
15.3 22.1 
7.53 14.3 
10.3 14.3 
12.9 14.3 
15.6 14.3 
17.4 14.3 
11.6 14.8 
12.3 13.8 
9.92 11.0 
8.95 9.92 
5.54 5.38 
9.28 9."74 
5.62 5.28 
24.1 20.3 
9.06 8.92 
10.5 
9.49 
7.21 15.1 
8.93 15.5 
7.99 15.3 
5,95 10.5 
17,5 16.5 
13.2 11.9 
12.1 12.3 
Measured Fai lure V V 
u;.m l!m 
shear at mode V V uf us. 
16.6 S 1. 20 
18.5 S 1. 11 
21.5 S 1. 17 
23.0 F 1. 04 
20.8 S 1. 36 
8.30 S 1. 10 
12.3 S 1. 19 
14.7 F 1. 03 
14.5 F 1. 0 1 
14.4 F 1. 0 1 
14.5 T 1. 25 0.98 
13.2 
10.5 S 1. 06 
10.2 T 1.14" 1. 03 
5.57 
10.3 F 1.06 
5.61 F 1. 06 
20.8 l":-
9.17 T 1.01 1. 03 
5.97 S ". 
5.76 S 
10.0 S 1. 39 
10.4 S 1. 16 
10.7 S 1. 34 
5.61 S 0.94 
15.7 T 0.90 0.95 
12.2 F 1. 02 U1 0 
11.8 T 0.98 0.96 
Mark V ,calc rf bd 
c y 
CWo 10.26 6.16 3.33 
CWo 10.27 6.12 3.32 
CWo 13.2B 8.21 6.02 
CWo 13.3B 7.80 8.06 
CWo 14.14 9.46 4.84 
CWo 14.15 5.87 6.30 
CWo 14.16 6.20 1. 76 
CWo 14.17 5.95 1. 31 
CWo 14.1el 5.96 8.59 
CWo 14.19 5.96 2.65 
CWo 14.20 6.00 2.65 
CW4 14.211 5.82 1. 58 
CWo 14.22 8.82 4.26 
CWo 14. 2:~ 5.92 1. 57 
CWo 14.24 5.94 2.80 
CWo 14. 2~) 9.27 6.08 
CWo 14.26 5.74 3.15 
CWo 14.27 6.22 5.52 
CWo 14.34 8.68 6.63 
CWo 14.3S 7.73 6.17 
CWo 14.36 7.63 6.50 
CWo 14.37 8.68 3.04 
CWo 14.3B 7.22 4.78 
CWo 14.39 7.85 2.58 
CWo 14.40 7.60 9.37 
CWo 14.41 8.22 6.01 
CWo 14.42 7.65 5.08 
CWo 14.45 7.68 6.09 
CWo 14.47 7.23 4.15 
TABLE 6 (Continued) 
COMPUTED AND MEASURED 
CAPACITI ES 
V ,c a 1 c+ r f b d Calculated shear 
c y 
V , ki ps at flexural 
~s fai lure Vf,kips 
9.49 9.46 
9.44 9.45 
14.2 17.7 
15.9 16.9 
14.3 15.0 
12.2 8.22 
7.96 7.80 
7.26 8.16 
14.6 8.16 
8.61 8.11 
8.65 8.11 
7.40 8.14 
13.1 14.5 
7.49 8.03 
8.74 8.03 
15.4 14.2 
8.89 7.89 
11.7 9.56 
15.3 18.1 
13.9 13.3 
14.1 13.3 
11.7 13.2 
12.0 13.5 
10.4 12.9 
17.0 12.9 
14.2 15.9 
12.7 12.5 
13.8 12.2 
11.4 12.0 
Measured Fai lure V V 
urn l!m 
shear at mode V V uf us 
9.11 F 0.96 
9.26 F 0.98 
17.7 S 1. 25 
:16.6 F 0,98 
14.3 F 0.95 
8.16 F 0.99 
8.00 F 1. 03 
7.89 S 1. 09 
8.22 F 1. 0 1 
8.25 F 1. 02 
8.20 F 1. 0 1 
8.03 T 1. 08 0.99 
13.8 S 1. 05 
7.97 S 1. 06 
8.03 F 1. 00 
14.2 F 1. 00 
8.22 F 1. 04 
9.31 F 0.97 
18.2 S 1. 19 
12.9 T 0.93 0.97 
13.4 F 1. 01 
12.9 S 1. 10 
13.5 S 1. 12 
10.9 S 1. 05 
13.1 F 1. 01 
14.5 S 1. 02 
12.9 F 1. 03 -=-in 
11.7 F 0.96 :=-=:-
.12.0 S 1. 05 
Mark V ,calc rf bd 
c y 
CWo 14.50 7.11 5.41 
CWo 14.51 9.03 2.98 
CWo 14.54 8.79 2.99 
CWo 18.15 9.70 4.87 
5.67 2.65 
CWo 24.37 7.08 3.53 
CWo 28.26 4.97 4.56 
3.08 2.41 
CWo 28.28 4.86 4.70 
2.99 2.50 
CU. 14.29 8.97 2.10a 
CU. 14.31 7.37 6.03 
CU. 14.32 7.76 6.02 
CU. 14.33 8.77 2.I·O a 
CU. 14.35 11. 1 0.79a 
CU. 14.37 10.1 3.40a 
CU. 14.38 8.41 6.05 
CU. 14.39 10.8 2.09a 
FV. 14.063 6.77 10.53 
FV. 14.064 7.46 8.48 
FV. 14.065 7.17 9.41 
FV. 14.070 7.50 7.69 
FW. 14.036 6.14 6.68 
FW. 14.063 5.55 11.12 
FW. 14.064 6.40 7.38 
FW. 14.070 6.94 9.85 
FW. 14.089 7.04 12.65 
FW. 14.091 6.82 13.19 
TABLE 6 (Continued) 
COMPUTED AND MEASURED 
CAPAC 1 TI ES 
V ,calc+rf bd 
c y Calculated shear 
V , kips at. flexural 
Il S fai lure Vf , kips 
12.5 11.7 
12.0 15.7 
11.8 15.5 
14.6 13.4 
8.32 7.27 
10.6 14.2 
9.53 9.71 
5.49 5.27 
9.56 9.68 
5.49 5.26 
11. 1 13.6 
13.4 13.0 
13.8 13.0 
10.9 12.7 
11.9 17.3 
13.5 15.5 
14.5 15.3 
12.9 14.9 
17.3 20.4 
15.9 20.4 
16.6 20.3 
15.2 20.2 
12.8 13.7 
16.7 20.1 
13.8 20.6 
16.8 20.6 
19.7 25.7 
20.0 24.8 
Measured 
shear at 
12.1 
12.9 
13.4 
13.7 
7.46 
12.1 
9.83 
5.35 
10.3 
5.62 
13.4 
13.0 
10.2 
13.0 
15.2 
13.2 
11.5 
14.7 
20.1 
20.0 
19.6 
16.3 
14.2 
22.0 
18.2 
19.7 
25.8 
22.2 
Fai lure V V U.m um 
mode V Vpf us 
S 0.97 
S 1.07 
S 1. 13 
F 1. 02 
F 1.02 
S 1. 14 
T 1. 03 1. 0 1 
F 1. 06 
F 1.06 
T 1. 21 0.98 
S 0.97 
S 0.77 
T 1. 19 1. 02 
F 0.88 
S 0.98 
S 0.79 
.r; 
T 1.14,···0.99 
S 1. 16 
F 0.98 
F 0.97 
T 1. 07 0.81 
F 1. 04 
F 1. 09 
S 1. 32 
F 0.96 
S 1. 31 
S 1. 1 1 
a) The difference between the yield stress and the effective prestress in the sti rrups is used for fy 
(Jl 
N 

